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Abstract
Low-gradient coastal watersheds are susceptible to flooding caused by various flows such as
rainfall, tides, and storm surge. Compound flooding occurs when at least two of these mechanisms
happen simultaneously or in close succession. Different inundation models, observed data, and/or
a combination of these are coupled through varying techniques involving one-way, loosely, tightly,
or fully coupled approaches to assess compound flooding. This study presents a one-dimensional
(1-D), fully coupled compound inundation model based on the Shallow Water equations. This
model approach simultaneously simulates the free water surface variations in the ocean domain
(i.e., tide and storm surge modeling), rainfall-runoff in the watershed’s upland region (i.e.,
hydrology modeling), and compound flooding within a defined coastal transition zone. To test this
compound inundation model, various 1-D transects, representing idealized low-gradient coastal
watersheds, were applied under various forcing conditions (rainfall-runoff/tides/storm surge
combinations) that vary in magnitude, time, and space. These flooding scenarios include
antecedent rainfall conditions in the watershed region and tropical cyclone-driven storm surge.
This study’s primary goal is to evaluate each flooding mechanism and the associated
hydrodynamic responses to aid in the identification of generalized coastal transition zones and
enhance the production of flood maps for varying regions in the coastal watershed. The compound
flood hazard zones’ migration will be evaluated for past, present, and future (c. 1890 – 2090)
conditions of the Mississippi River Delta Plain using an existing two-dimensional (2-D) compound
inundation model. The desire is a more holistic compound inundation model that can be a critical
tool for decision-makers, stakeholders, and authorities who provide evacuation planning to save
human lives and enhance resilience.
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Chapter 1. Introduction
Low-gradient coastal watersheds are one of the most populated regions worldwide. For
example, 10% of the world’s population resides within these regions, covering 2% of the world’s
total land area (McGranahan et al., 2007). These regions are susceptible to many natural hazards,
such as extreme rainfall events, tropical cyclones, tsunamis, and sea-level rise. Thus, multiple
flooding mechanisms (e.g., storm surge, rainfall, and astronomical tides) can occur in close
succession or simultaneously, which is commonly referred to as compound flooding (Bilskie and
Hagen, 2018; Kumbier et al., 2018a; Santiago-Collazo et al., 2019; Wahl et al., 2015).
A compound flood can exacerbate the inundation hazard due to the combined effects of the
flooding mechanisms (e.g., rainfall and storm surge). For instance, when a rainfall event produces
high river flow rates and coincides with elevated sea levels at the river outlet due to high onshore
wind event, the riverine flow may encounter backwater effects that increase the river water levels,
producing out-of-bank flow and flow reversal (Erikson et al., 2018; Ikeuchi et al., 2017; Maskell
et al., 2014; Tromble et al., 2010). Therefore, compound flooding poses a significant threat to the
coupled natural and human system, especially with increases in frequency and extent due to
climate change and increased human populations.
Before assessing the compound flood hazard adequately, the physical process under a single
event must be described robustly first. Therefore, this dissertation research aims to give insight
into the physical interaction among the main flooding mechanisms (e.g., rainfall-runoff, storm
surge, and astronomical tides) in a compound flood event from the most fundamental concepts.
Understanding and simulating compound flood events comes with the capability to develop
compound flood probabilities, leading to better coastal resiliency practices. This dissertation
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research advances the existing capabilities with simulation of compound flooding, providing a
direct support to the established need.

1.1. Hypothesis and Research Objectives
This dissertation seeks to test the following hypothesis:
The relationship among the flooding mechanisms of storm surge, tides, and rainfall-runoff is
non-linear.
In addition to and in support of testing this hypothesis, five scientific research questions are
addressed:
1. What is the independent contribution of each flooding mechanism (e.g., tides, storm surge, and
rainfall-runoff) to the total water level?
2. How does the timing of each flooding mechanism influence the totality of the compound
inundation event?
3. Can compound flood hazard zones (e.g., coastal, hydrologic, and transition) be delineated and
classified based on varying flooding mechanisms and variations to topography?
4. Can a physically-based criterion be established to define a “low-gradient coastal land-margin”?
5. How will the compound flood hazard zones migrate over time (e.g., past, current, and future
conditions) due to climate change and anthropogenic effects?
A 1-D algorithm is developed to simulate compound inundation events using a fully-coupled
approach, which can examine each flooding mechanism’s physical interaction in a compound
flood. This 1-D algorithm allows the examination of maximum water levels profiles due to each
flooding mechanism, independently and inter-dependently. Likewise, the time to peak each
flooding mechanism, independently and inter-dependently, is found using the proposed 1-D
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algorithm. The maximum simulated water level profiles are used to delineate the compound flood
hazard zones. These hazard zones are classified based on the flooding mechanisms that influence
the total water level.
After understanding the physical interaction of the flooding mechanisms in a 1-D environment,
the compound inundation effects over different coastal watersheds in Louisiana are assessed using
a two-dimensional (2-D) compound inundation model. This 2-D compound inundation model is
used to further evaluate the compound inundation effects over the coastal land-margin for different
historical eras and future projections of the coastal landscape. The results from the 1- and 2-D
models are synthesized to provide understanding and guidance with the varied approaches for
extensible use to general domain. Ultimately, this research contributes to a more holistic
understanding of compound inundation at low-gradient coastal watersheds.
The following sections provide a brief summary of the following chapters, Chapters 2, 3, 4, 5,
and 6.

1.2. Literature Review
Extreme coastal flooding poses a major threat to human life and infrastructure. Low-gradient
coastal watersheds can be vulnerable to flooding from both intense rainfall and storm surge. Here
we present a comprehensive review of the most recent studies that quantify extreme flooding using
variations of a compound inundation model. A compound inundation model may consist of
different numerical models, observed data, and/or a combination of these. The definitions,
advantages, and limitations of each adjoining technique are discussed with the goal of enabling
and focusing subsequent research. Future investigation should focus on the development of a tightcoupling procedure that can accurately represent the complex physical interactions between storm
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surge and rainfall-runoff. A more accurate compound flood forecast tool can help decision-makers,
stakeholders and authorities converge on better coastal resiliency measures that can potentially
save human lives, aid in the design of structures and communities, and decrease property damage.
This chapter has been published in Environmental Modelling and Software as Santiago-Collazo
et al. (2019).

1.3. One-Dimensional Assessment of Compound Flood
This study presents a one-dimensional (1-D), fully-coupled compound inundation model tested
over an idealized coastal watershed transect under different forcing conditions (rainfall,
astronomical tides, and storm surge) of various magnitude, time, and space. The aim is to evaluate
each flooding mechanism and the associated hydrodynamic responses to identify generalized
coastal transition zones and enhance the production of flood maps for varying regions in a coastal
watershed. The results demonstrate how compound inundation levels are affected by the
magnitude and timing of each flooding mechanism. The model development and assessment
contributes to the user community of numerical modelers and decision-makers, stakeholders, and
authorities who provide evacuation planning to save human lives and enhance resilience.

1.4. Classifying a Coastal Land-Margin
This research aims to develop a technique capable of defining and classifying a coastal landmargin based on physically-based criteria due to surface flow hydrodynamics. A one-dimensional
(1-D) hydrodynamic model (Chapter 3) was used to quantify the hydrodynamic response of
hundreds of different combinations of input parameters (tidal amplitude, storm surge, and
landscape slope and elevation) that define a coastal land-margin. Findings from the classification
4

of coastal land-margins suggest that slopes less than 0.01 m km-1 are low-gradient under most of
the flooding scenarios, while slopes greater than 0.125 m km-1 are high-gradient. This research
provides a foundation for building out the technique for worldwide assessment of coastal landmargins. This identification of low-gradient coastal land-margins can help authorities and policy
makers target and optimize coastal resilience efforts.

1.5. Two-Dimensional Assessment of Compound Flood
This research evaluates compound flood hazard zones for past, present, and future (c. 1890 –
2090) conditions of the Mississippi River Delta Plain (MRDP). The MRDP provides a lowgradient coastal land-margin representative of similar landscapes around the world that are
experiencing relative sea-level rise and serves as a warning beacon for our coastal settlements. A
set of plausible synthetic storms and rainfall events, which account for antecedent rainfall-runoff,
tropical cyclone-driven rainfall, and tropical cyclone-driven surge, are employed in a tide and
surge hydrodynamic model that integrates rain over the mesh. This study demonstrates the
evolution of the compound flood hazard zones from the 1890s, before major western settlement
and alterations to the Mississippi River and deltaic system, to the present day and out to 2090.
Near-future projections of the compound flood hazard zones suggest that the coastal flood zone
will suffer the most significant changes in coverage area due to a combination of increasing
eustatic sea-level rise, high-frequency flood events, and alterations to the coastal land-margin. the
results emphasize the need to establish evolution trends of compound flood hazard zones to enable
more descriptive future projections under a changing climate.

5

1.6. Localized Assessment of Compound Flood
This chapter aims to improve the understanding of the localized effects of a compound flood
due to coastal basin description, namely the representation of vertical features (i.e., levees and
other elevation barriers, natural crests and ridges, and swales and valleys, among other
topographical features that conduct, impede or influence surface-water flow) in the model mesh.
A multi-dimensional modeling approach is used to assess the compound flood at a low-gradient
coastal land-margin in south-central Louisiana: the Atchafalaya Watershed. A one-dimensional
(1-D) fully-coupled model (Chapter 3) is used to delineate the compound flood hazard zones based
on different environmental forces, while a two-dimensional (2-D) numerical model is used to
quantify the hydrodynamic response of a “real-life” tropical cyclone. These environmental forces
(e.g., astronomic tides, storm surge, and rainfall) are estimated based on observed data using
techniques of return period analysis and tidal resynthesis. The results demonstrate that
astronomical tides should be considered in any compound flood assessment since higher tidal
levels can further penetrate the compound flood hazard zones, and that increasing rainfall-runoff
moves the compound flood hazard zones further seaward. The findings suggest potential future
path with compound flood assessments that incorporate modules into 2-D hydrodynamic models
capable of quantifying rainfall-runoff and routing it through dry land.

6

Chapter 2. A Comprehensive Review of Compound Inundation Models in
Low-Gradient Coastal Watersheds
1

2.1. Introduction
Coastal regions are vital for the advancement of society by supporting capital flows for tourism,
industrialization, transportation, and urban development. Current projections for the United States
(US) population that resides in low-gradient coastal zones indicates an increase of 145% by 2030
with respect to 2000 (Neumann et al., 2015). In addition, the US has 17 port cities with a population
greater than 1 million (Wahl et al., 2015). Extreme coastal flooding is one of the hazardous
elements that pose a major threat to human life and infrastructure (Bates et al., 2005; Bhaskaran et
al., 2014; Moussa and Bocquillon, 2009; Padgett et al., 2008). Low-gradient coastal watersheds
are vulnerable to flooding hazards from both intense rainfall and coastal storm surge penetration,
which are produced from extreme meteorological events (e.g. tropical cyclones, low-pressure
systems) (Bilskie and Hagen, 2018; Comer et al., 2017; McInnes et al., 2002; Moftakhari et al.,
2017; Ray et al., 2011; Silva-Araya et al., 2018). Hurricanes were responsible for 40% of the global
total deaths for all weather-related disasters from 1995 to 2015 (UNISDR and CRED, 2015). Also,
three of the five costliest hurricanes that have impacted the US mainland and its territories occurred
in the 2017 hurricane season (NOAA, 2018). Hurricanes Harvey, Irma, and Maria affected the
Texas and Louisiana coasts, the Florida peninsula, and Puerto Rico and the U.S. Virgin Islands,
respectively, in less than a month. These three hurricanes produced a total damage of $265,000
million (2017 USD) and were directly responsible for the loss of 183 human lives (Blake and
Zelinsky, 2018; Cangialosi et al., 2018; NOAA, 2018; Pasch et al., 2018; Ward et al., 2018;

This chapter was previously published as Santiago-Collazo, F.L., Bilskie, M. V., Hagen, S.C., 2019. A comprehensive
review of compound inundation models in low-gradient coastal watersheds. Environ. Model. Softw. 119, 166–181.
https://doi.org/10.1016/j.envsoft.2019.06.002. Please see permission letter in Appendix A.
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Zscheischler et al., 2018). These natural hazards can be devastating with wide-ranging social
(Comer et al., 2017; Karamouz et al., 2017a; Olbert et al., 2017), economic (Chen and Liu, 2014;
Karamouz et al., 2015; Lian et al., 2013; Wang et al., 2015) and environmental (Costabile et al.,
2013; Park et al., 2011; Stamey et al., 2007) consequences in low-gradient coastal watersheds
around the world.
Floods can emerge from several mechanisms or driving forces (Bacopoulos et al., 2017; Serafin
et al., 2019). Here, we limit focus on the flooding mechanisms produced by a tropical cyclone and
extreme precipitation events, in which subsurface flow and storm-water systems are typically
negligible. These flooding mechanisms can occur due to a single meteorological event (e.g.
tropical cyclone that includes extreme precipitation) or by a combination of separate events that
occur in close succession or simultaneously, such as when an intense and prolongated precipitation
event occurs before any extreme wind event (e.g. tropical cyclone, prevalent strong onshore winds,
low-pressure system). Figure 2.1 illustrates the flooding mechanisms typically considered during
a cyclonic event in a coastal watershed. These mechanisms can produce flooding via:
i. Precipitation (rainfall): Intense or prolonged precipitation can induce surface runoff. Runoff
moves from overland areas to a stream, increasing the streamflow rate to a point that exceeds
the channel capacity and producing an out-of-bank flow (i.e. overbank flow) that inundates
the floodplain (Figure 2.2).

ii. Storm surge: Storm surge is produced by high winds and low atmospheric pressure that drives
oceanic waters to interact with the local coastal geometry. The total water level is temporarily
raised and can penetrate inland to inundate the floodplain.

iii. Compound Flood: A combination of both mechanisms (i.e. rainfall-runoff and storm surge)
that can occur simultaneously or in close succession, commonly referred as compound
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flooding (Bilskie and Hagen, 2018; Ikeuchi et al., 2017; Kumbier et al., 2018a; Paprotny et
al., 2018; Saleh et al., 2017; Wahl et al., 2015; Ward et al., 2018; Zscheischler et al., 2018).
Also, a compound flood can be produced by other flooding mechanisms that are not
considered here, such as waves and tides (Blanton et al., 2018; Buschman et al., 2009; Comer
et al., 2017; Olbert et al., 2017; Orton et al., 2018). For example, when both mechanisms (i.e.
rainfall-runoff and storm surge) occur simultaneously, there is an increase in the flood hazard
due to the combined effects of high river flow rates and elevated sea levels at the river outlet
(e.g. estuarine or tidal river) (Erikson et al., 2018; Hubbert and McInnes, 1999; Ikeuchi et al.,
2017; Maskell et al., 2014; Svensson and Jones, 2004; Tromble et al., 2010; Wahl et al.,
2015). Therefore, storm surge and rainfall-runoff in coastal watersheds are not necessarily
mutually exclusive hazards (Christian et al., 2015; Karamouz et al., 2017b; Torres et al.,
2015).
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Figure 2.1. Flooding mechanisms generated by a tropical cyclone event in a coastal watershed. (A)
Illustration of the initial conditions and (B) illustration of the conditions during the tropical
cyclone-driven flooding. The initial condition serves as a reference for visualizing the inundated
area along the coastline due to the tropical cyclone. Each colored arrow represents a different
flooding mechanism.
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Figure 2.2. Flooding mechanism produced by an extreme precipitation event at a riverine
floodplain. (A) Illustration of the initial conditions and (B) illustration of the conditions during the
extreme precipitation event. The initial condition serves as a reference for visualizing the
inundated area along the floodplain due to the out-of-bank flow. Each colored arrow represents a
different flooding mechanism.
Since the early 2000s, studies have investigated the probability of storm surge and rainfallrunoff occurring simultaneously or in close succession. These studies highlight that these flooding
mechanisms are present over different length scales, such as local scale (Kew et al., 2013; Klerk
et al., 2015; Svensson and Jones, 2004; Thompson and Frazier, 2014; Zheng et al., 2014),
continental scale (Moftakhari et al., 2017; Paprotny et al., 2018; Wahl et al., 2015; Zheng et al.,
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2013) and global scale (Ward et al., 2018). They depend on watershed properties, such as location
and size. For example, Hurricane Florence (2018) produced a catastrophic flood in North Carolina
(US), which was induced by intense and prolonged precipitation and high levels of storm surge
that blocked the streamflow towards the estuaries (Almasy et al., 2018; Elliott, 2018). Therefore,
it is critical to quantify the dependence between the flooding mechanisms (Bilskie and Hagen,
2018; Zheng et al., 2014).
As the effects of carbon emissions shape the Earth’s climate it is possible that extreme weather
events and their compound effects will become more severe and frequent through increased sea
levels (Bhaskaran et al., 2014; Bilskie et al., 2019a; Ge et al., 2014; Karamouz et al., 2017a; Passeri
et al., 2015b; Smith et al., 2012; Sweet and Park, 2014), river discharges (Paprotny et al., 2018;
Zscheischler et al., 2018), and extreme precipitation (Chen et al., 2013; Feng and Brubaker, 2016;
Karamouz et al., 2015; Wang et al., 2013). Observations indicate that hurricanes are expected to
become stronger and more frequent, with the number of major storms (e.g. categories IV and V
based on the Saffir-Simpson scale) increasing over the past 35 years along with ocean temperature
(Anthes et al., 2006; Bender et al., 2010; Elsner, 2008; Emanuel, 2005, 1987; Holland and Bruyère,
2014; Lal, 2001; Lynn et al., 2009; Tang et al., 2013; van Aalst, 2006). In addition, projections of
future climate indicate potential shifts in rainfall patterns toward stronger and more intense storms
(Feng and Brubaker, 2016; Karamouz et al., 2015; Risser and Wehner, 2017; Trenberth et al.,
2018; Wang et al., 2013). Understanding the hazard posed by the combination of extreme events
under present and future sea levels is crucial for the successful management of coastal communities
by means of effective coastal resilient measures. These measures may include a comprehensive
understanding and the capability of modeling effectively both mechanisms (i.e. storm surge and

12

rainfall-runoff) that produce these extreme flooding (Bacopoulos et al., 2017; Bhaskaran et al.,
2014; Bilskie and Hagen, 2018; Dresback et al., 2013; Passeri et al., 2015b).
Flood inundation maps, useful for planning and management of riverine and coastal floodplains,
are another important consideration regarding compound flooding. These maps are used to
delineate no-build zones, flood insurance rates, identify evacuation routes for communities, issue
early warning advisories, and as aid in the development of safe and cost-effective design criteria
for hydraulic structures (e.g. bridges, culverts, levees, seawalls, flood gates, etc.) (Christian et al.,
2015; Moftakhari et al., 2017; Silva-Araya et al., 2018; Torres et al., 2015). Common flood hazard
assessment practices typically account for one mechanism at a time (e.g. rainfall-runoff or storm
surge) and not their combination, whereas coastal cities are exposed to multiple flooding
mechanisms(Bilskie and Hagen, 2018; Erikson et al., 2018; Klerk et al., 2015; Moftakhari et al.,
2017; Orton et al., 2015; Serafin et al., 2019; Torres et al., 2015; Ward et al., 2018; Zscheischler
et al., 2018). For example, the standard assumption with the Federal Emergency Management
Agency (FEMA) flood zone mapping, with flood-hazard assessment studies and with operational
systems, is that rainfall-runoff flooding can be neglected when modeling a storm surge event, since
the impact of the cyclone is relatively short in comparison to the time it takes for any rainfallrunoff flooding to reach the coast (Blanton et al., 2018; Orton et al., 2018; Ray et al., 2011; SilvaAraya et al., 2018; Tang et al., 2013; Torres et al., 2015). This assumption has been shown to not
always be correct since the time of arrival of both flooding mechanisms (i.e. storm surge and
rainfall-runoff) depends on several factors such as watershed properties, antecedent conditions,
and storm characteristics (Kumbier et al., 2018b; Orton et al., 2018, 2015; Santiago-Collazo et al.,
2017; Silva-Araya et al., 2018).
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There is an urgent need to simulate the potential compound effects of rainfall-runoff and storm
surge flooding. A direct capability to define flood transition zones (Bilskie and Hagen, 2018) can
lead to transdisciplinary research outcomes that will prove beneficial to society. Numerical models
provide information about complex physical processes (e.g. compound flooding) and have shown
to aid in disaster and evacuation planning, which is a critical tool for decision-makers (Blanton et
al., 2018; Chen and Liu, 2014; Georgas et al., 2016; Kew et al., 2013; Olbert et al., 2017; Serafin
et al., 2019). One of the flooding mechanisms that is often neglected in coastal inundation
modeling (i.e. storm surge modeling) is rainfall-runoff. When it is considered, some physical
processes are missing or simplified, such as momentum exchange of fluxes, which is important in
delineating the spatial extent of the inundation (Maskell et al., 2014; Orton et al., 2018). Recently,
compound inundation models have been focused on quantifying streamflow and storm surge
interaction, while neglecting the out-of-bank flow/surface runoff and storm surge interaction. In
addition, the direct effect of the precipitation over a study area (i.e. model domain) has also been
neglected. The majority of these models have been implemented with loosely-coupled or linked
techniques, which simplifies the interaction between both inundation models and may be
misrepresenting the actual physical processes. In fact, Bilskie and Hagen (2018) demonstrate how
the superposition of runoff with surge can overestimate total water levels. Modeling approaches
that integrate multiple flooding mechanisms (e.g. storm surge, surface runoff, and streamflow) and
simulate their compound influences would be more effective in supporting a wide range of
decision-making (Orton et al., 2018; Saleh et al., 2017).
The current techniques for joining two or more numerical models can be summarized into four
classifications: linking technique, loose-coupling, tight-coupling, and full-coupling (Table 2.1).
These classifications vary on the technique employed to transfer or exchange information between
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each numerical model, which represents the individual physical processes. Flowcharts for each
joining technique is shown in Figure 2.3. A linking technique is defined as a method that transfers
the results from one model (i.e. courier model) to be used as an input for a second model (i.e.
recipient model) as shown in Figure 2.3i (Silva-Araya et al., 2018; Sulis et al., 2010). This
technique is also known as one-way coupling since the transfer of information only occurs in one
direction (Cheng et al., 2010; Hühne et al., 2016). Usually, the courier model is run first and
independently from the recipient model. Then, the results are transferred by means of boundary
conditions to the recipient model, which is run with all the required input information and boundary
conditions. Finally, the results from the recipient model are analyzed and if further changes are
necessary to the courier model, the process will repeat again. An example of an application of this
technique is the resulting wind field from an atmospheric model that is transferred as an input to
an ocean circulation model.
Table 2.1. Summary of the definition of the four joining techniques used to combine different
numerical models.
Coupling Technique Definition
One-way

Computations that are transferred from one model and used as an
input in another (i.e. linking technique)

Loosely

Separately-running models are coupled using information exchange
in an iterative manner (i.e. two-way coupling)

Tightly

Independent models are integrated into a single modeling
framework by combining their source code

Fully

Governing equations of all the physical processes considered are
solve simultaneously within the same modeling framework
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Figure 2.3. Flowcharts representing the four classifications of the different joining techniques used
to combine different numerical models: (i) one-way coupled, (ii) loosely-coupled, (iii) tightlycoupled, and (iv) fully-coupled. The parallelograms represent input or output data and the
rectangles represent a numerical model. The arrows point towards the direction of the
transfer/exchange of data.
Alternatively, a loosely-coupled technique is defined as a method that couples models, which
are run separately, using information exchange in an iterative manner (Figure 3.3ii) (Blanton et
al., 2018; Goodall et al., 2011; Hühne et al., 2016; Sulis et al., 2010). This technique is also known
as two-way coupling since the transfer of information occurs in two directions (Cheng et al., 2010;
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Hühne et al., 2016). The process of a loosely-coupled technique between two models (e.g. model
A and model B) can be described by the following: i) the results from model A are transferred to
model B via boundary conditions; ii) model B uses this information to compute new results and
transfer the new information to model A; iii) model A uses the information received to compute
updated new results and transfers it to model B; iv) the process is repeated until it reaches the end
of the simulation period.
On the other hand, a tightly-coupled technique is defined as a method that joins the independent
models into a single modeling framework by combining their source code as shown in Figure 3.3iii
(Blanton et al., 2018; Goodall et al., 2011). In other words, portions of the source code that
describes the physical processes of model A are incorporated into the source code of model B or
vice versa. This means that the information exchange between both portions of the code is
performed internally within the same source code (i.e. computer memory) and does not involve
the exchange of external input and output files. One example of this technique is the SWAN+
ADCIRC (Simulating Waves Nearshore model + ADvanced CIRCulation model) modeling
framework. In this example, SWAN transfers wave radiation stresses to ADCIRC and ADCIRC
transfers back to SWAN the updated wind velocities, water levels and currents (Dietrich et al.,
2012a, 2011b).
Lastly, a fully-coupled technique is defined as a technique in which the governing equations of
all the physical processes considered (e.g. storm surge and rainfall-runoff) are solved
simultaneously within the same modeling framework as shown in Figure 3.3iv (Hühne et al., 2016;
Sulis et al., 2010). For example, WASH123D (WAterSHed Systems of 1-d Stream-River Network,
2-D Overland Regime, and 3-D Subsurface Media) model (Shih et al., 2012; Shih and Yeh, 2011;
Yeh et al., 2011, 2005, 1998), in which many physical processes (e.g. streamflow, surface-runoff
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flow, subsurface flow) are represented using a common set of governing equations, such as the
Navier-Stokes equations for describing motion of a viscous fluid. Unfortunately, WASH123D
does not model storm surge conditions.
The remainder of this paper consists of a review of the widely-used inundation models to
simulate rainfall-runoff and storm surge in low-gradient coastal landscapes. Three categories of
inundation models are discussed: rainfall-runoff driven, storm surge driven, and compound
inundation models. The most recent and relevant studies using these models are described,
including their advantages and limitations. Furthermore, the four classifications of compound
inundation models, depending on the coupling approach, will be explained in additional detail.
Finally, conclusions are drawn and future research is discussed.

2.2. Inundation Models
In the context of this paper, we focus on inundation models that are typically developed to
quantify and delineate the flood zone due to a certain atmospheric event (e.g. tropical cyclone,
low-pressure system, prolonged and intense precipitation event). Such models can be categorized
by the mechanism that drives the flooding. We do not consider inundation models that account for
subsurface flow (i.e. groundwater flow) and/or storm-water drainage systems or flooding from
tsunamis. Due to the challenging numerical representation of the physical processes of a compound
flood event, both types of models (i.e. rainfall runoff-driven and storm surge-driven) have been
developed and used independently. With the advancement of computer technology and numerical
modeling, both models have been recently one-way/loosely coupled to produce a better estimate
of total water levels. The remainder of the section will discuss the inundation models driven by
rainfall-runoff and storm surge, as well as the compound inundation model.

18

2.2.1. Rainfall Runoff-driven Inundation Models
A rainfall runoff-driven inundation model, commonly known as a hydrologic model, can be
defined as the characterization of real hydrologic features and systems, such as rainfall-runoff,
evapotranspiration, interception, infiltration, etc. In general, two types of hydrologic models have
been developed and applied in recent years: conceptual-based, lumped-parameter hydrologic
models and physically-based, distributed-parameter hydrologic models. These models differ in the
mathematical representation of the hydrologic processes, spatial representation of the watershed
properties, and data requirements (El Hassan et al., 2013). The conceptual-based, lumpedparameter hydrologic model assumes the watershed properties (e.g. soil type, land use cover, initial
soil moisture, surface roughness, etc.) are uniform over the entire domain and may be used to
simulate total watershed runoff using basin average input data and empirical parameters
(Andréassian et al., 2004; El Hassan et al., 2013; Fatichi et al., 2016; Kalyanapu et al., 2009; Sharif
et al., 2013; Torres et al., 2015). Such models produce reasonable estimates of runoff, but due to
the distributed nature of hydrological properties, the models cannot accurately represent the spatial
variation of the watershed conditions (El Hassan et al., 2013). However, a common workaround
is to divide basins into hydrologically similar sub-basins to take advantage of the spatial resolution
of rainfall and watershed properties (Sharif et al., 2013).
Alternatively, physically-based, distributed-parameter hydrologic models are capable of having
a spatial distribution of precipitation and watershed properties through a computational grid. Thus,
hydrologic processes (e.g. conservation of mass, momentum, and energy for overland runoff) are
mathematically represented in each grid cell (El Hassan et al., 2013; Torres et al., 2015). Some
advantages of these models include the capability to produce simulation data at any point within
the model domain, initialization with minimal historical data, and greater flexibility in the
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calibration process for the watershed properties (Hunter et al., 2003; Sharif et al., 2013, 2010a;
Torres et al., 2015). Contrarily, this type of hydrologic model may require more time to develop
and greater computer power than the conceptual-based, lumped-parameter hydrologic models.
Usually, all types of hydrologic models are comprised of two primary components: rainfallrunoff estimation and a routing scheme to transport the rainfall-runoff. The routing scheme used
in a hydrologic model can be a limitation for flood modeling since the “real” physical
characteristics of the rivers are not considered (Nguyen et al., 2016). Therefore, hydraulic models
have been used to simulate floods together with hydrologic models, in which the rainfall-runoff
estimated from the hydrologic model is used as an input in the hydraulic model. Some of the most
popular hydraulic models used are the Hydrologic Engineering Center- River Analysis System
(HEC-RAS) model (Brunner, 2001), the MIKE HYDRO River (i.e. MIKE 11) model (Danish
Hydraulic Institute, 1997), the LISFLOOD-FP model (Bates and De Roo, 2000), the FLO-2D
model (O’Brien et al., 1993), and the MSN_Flood model (Falconer, 1984). The HEC-RAS model,
developed by the U.S. Army Corp of Engineers (USACE), computes the water depth in a river
cross-section given a flow rate. This model is widely used due to its freely available software
(Anees et al., 2016; Ray et al., 2011). Also, the LISFLOOD-FP model was designed by the
University of Bristol to simulate floodplain inundation over complex topography (Bates et al.,
2005; Bates and De Roo, 2000; Lewis et al., 2013; Smith et al., 2012). One of the main advantages
of hydraulic models is that the modeling is based on the topography of the channel and floodplain,
which is in accordance with the continuity and momentum principles and minimal parameters
(Nguyen et al., 2016).
The selection of an appropriate hydrologic modeling methodology is a key step of any flood
modeling system (Sharif et al., 2010b). This research only focuses on the to-date application of
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hydrologic models at the coast and are not necessarily including all rainfall runoff-driven
inundation model advancements (e.g., Curtu et al., 2014; Demir and Krajewski, 2013; Elsaadani
and Krajewski, 2017; Quintero et al., 2016). The USACE has developed two of the most popular
conceptual-based, lumped-parameter hydrologic models: Hydrologic Engineering Center-1 (HEC1) model and the Hydrologic Engineering Center- Hydrologic Modeling System (HEC-HMS)
model. The HEC-1 model (Hydrologic Engineering Center, 1998) was developed in the 1990s and
was replaced by the HEC-HMS model (Scharffenberg, 2016) in the early 2000s. HEC-HMS was
originally designed to simulate the rainfall-runoff processes of drainage basins in a wide range of
geographic areas and has been extensively used in the US (El Hassan et al., 2013).
The U.S. Environmental Protection Agency (EPA) has developed a conceptual-based, lumpedparameter hydrologic model named Storm Water Management Model (SWMM). It is used
throughout the world for planning, analysis, and design related to storm-water runoff, combined
and sanitary sewers, and other drainage systems in urban areas (Rossman, 2015). For long-term
modeling, the Agricultural Research Service, from the U.S. Department of Agriculture (USDA),
developed the Soil and Water Assessment Tool (SWAT) model to predict the impact of land
management practices on water, sediment, and agricultural chemicals in large complex watersheds
on a daily basis (Neitsch et al., 2002). In addition, this model has been used for quantifying rainfallrunoff flooding events when linked to other hydraulic models such as HEC-RAS (Duvvuri and
Narasimhan, 2013), international River Interface Cooperative (iRIC) model (Jamrussri and Toda,
2017), and LISFLOOD-FP (Rajib et al., 2016), and also for determining river discharges if used
independently (Singh et al., 2005; Wu and Xu, 2006).
Within the category of physically-based, distributed-parameter hydrologic models, two of the
most prominent models are the Gridded Surface Subsurface Hydrologic Analysis (GSSHA) model
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(Downer et al., 2002) and the Vflo hydrologic model (Vieux and Vieux, 2002). GSSHA was
developed by the USACE as an enhancement to the hydrologic model CASC2D (Downer et al.,
2003). GSSHA has been implemented on a wide variety of watersheds around the US to determine
rainfall-runoff inundation for forecasting and evaluating extreme precipitation events
(Chintalapudi et al., 2012; El Hassan et al., 2013; Hunter et al., 2003; Sharif et al., 2013, 2010b,
2010a, 2006; Yang et al., 2016). In a similar manner, the Vflo model has been applied under
various watershed characteristics and conditions to estimate the real-time urban rainfall-runoff,
evaluate flood control systems, and forecast flash floods (Fang et al., 2010; Kim et al., 2008;
Looper et al., 2012; Looper and Vieux, 2012; Teague et al., 2013; Vieux et al., 2005). Other models
such as the MIKE-SHE (Mike, 2017) and the Hydrology Laboratory-Research Distributed
Hydrologic Model (HL-RDHM) (Colorado Basin River Forecast Center, 2008) have been also
used for quantifying the rainfall-runoff inundation on different watersheds (Fares et al., 2014;
Geoghegan et al., 2018; Kitzmiller et al., 2011; Nguyen et al., 2016; Sahoo et al., 2006; Wang et
al., 2012; Xevi et al., 1997; Z. Zhang et al., 2008).

2.2.2. Storm Surge-driven Inundation Models
Coastal inundation is one of the most hazardous events that can occur on a low-lying coastal
watershed and can result from a wide variety of environmental impacts (Bhaskaran et al., 2014).
Storm surge is a temporary rise of the total water level at the coast generated by extreme wind and
low atmospheric pressure (Krestenitis et al., 2011; Lewis et al., 2013; McInnes et al., 2002). To
assess coastal flood hazards, an ocean circulation model is an essential component to predict water
levels and inundation extent (Bates et al., 2005; Bhaskaran et al., 2014; Lewis et al., 2013). An
ocean circulation model simulates the surges in water level due to wind-driven and pressure-
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induced events (i.e. storm surge events) and by astronomic tides. In addition, a wave-induced surge
can be simulated by including the effects of wind-waves on storm surge by coupling between an
ocean circulation model and a wave model. Wave models that have been coupled include the
Simulating Waves Nearshore (SWAN) model (Booij et al., 1999), the Steady State Spectral Wave
(STWAVE) model (Resio, 1987), and the WAVEWATCH-III (WW3) model (Sheng et al., 2010;
Tolman, 2009). Some of the most popular ocean circulation models are Sea, Lake, and Overland
Surges from Hurricanes (SLOSH) (Jelesnianski et al., 1992), the

ADvanced CIRCulation

(ADCIRC) (Luettich et al., 1992), the Princeton Ocean Model (POM) (Blumberg and Mellor,
1987), Delft3D (Deltares, 2009), and the Finite Volume Coastal Ocean Model (FVCOM) (Chen
et al., 2003).
ADCIRC is a robust model that has been successfully validated with numerous historical
hurricanes over varying coastal regions, such as the US Atlantic coast (Bacopoulos et al., 2012;
Colle et al., 2008; Garzon and Ferreira, 2016; Hagen et al., 2012; Yin et al., 2016), the North Indian
Ocean (Bhaskaran et al., 2014; Gayathri et al., 2016), and the Gulf of Mexico (Bilskie et al., 2016c;
Bunya et al., 2010; Dietrich et al., 2011a; Hagen et al., 2012; Hope et al., 2013), with a high
accuracy. ADCIRC has been used to produce real-time storm surge and wave forecast for the
Northern Gulf of Mexico (Dietrich et al., 2013), the US Atlantic coast (Blanton et al., 2012;
Dresback et al., 2013; Garzon et al., 2018), and the North Western Pacific Ocean (Suh et al., 2015).
ADCIRC has also been used to simulate numerous synthetic storms, based on historical tracks and
storm intensity, to explore the effects of these storms making landfall in another location and/or
with greater storm intensity (Kennedy et al., 2012; Rao et al., 2013; Sebastian et al., 2014). Others
have implemented ADCIRC for simulating coastal inundation for the past, present, and future
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conditions of the coastal landscape with or without projected sea level rise (Bilskie et al., 2019a,
2016a, 2014; Passeri et al., 2015a; Christopher G Siverd et al., 2018).
Similar to the ADCIRC model, the FVCOM model has been implemented on the wide variety
of hurricane conditions, either in forecast or analysis mode, for several coastlines within the US
mainland and the Korea Peninsula (J. Rego and Li, 2009; J. L. Rego and Li, 2009; Rego and Li,
2010; Weisberg and Zheng, 2006, 2008; Yang et al., 2014; Yoon and Shim, 2013, 2016). Similarly,
the POM (Peng et al., 2006, 2004; Xia et al., 2008; Xie et al., 2008, 2004), SLOSH (Mercado,
1994; Murdukhayeva et al., 2013; K. Zhang et al., 2008), and Delft3d (Brown et al., 2007; Cranston
and Tavendale, 2012) models have been implemented under complex environments for historical
hurricanes.

2.2.3. Compound Inundation Models
Simulation of storm surge propagation in rivers and estuaries, including the backwater effects
of river flow, is important for coastal inundation modeling in low-gradient coastal watersheds
(Lewis et al., 2013). A compound inundation model consists of one or more numerical models that
are combined with the aim of obtaining an accurate total water level. The numerical models that
comprise a compound inundation model may be a combination of hydrologic, ocean circulation or
hydraulic models. Commonly, these numerical models have been combined with each other using
a one-way, loose-, or a tight-coupling approach. The definition of each joining technique has been
defined previously in Section 1 and are summarized in Table 2.1. Implementation of full- and
tight-coupling for these types of numerical models (e.g. hydrologic, ocean circulation, and
hydraulic model) is more complicated than loose- or one-way coupling. This difficulty is attributed
to the complex mathematical representation of their physical processes, the computational power
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required, and the temporal and spatial resolution (varying time and length scales) of the numerical
models. For example, the fully-coupled WASH123D model has been used successfully in
idealistic cases but has not been able to simulate real-world scenarios accurately. However, due to
the continuous advances in computer technology, tight-coupling these numerical models is more
feasible today than in the past.
Several efforts to couple both storm surge and rainfall-runoff have been developed in the last
decade. The joining technique used for combining different models depends greatly on the physical
processes to be simulated. For example, when coupling an ocean circulation model with a wave
model, Funakoshi et al. (2008) found that numerical problems increased when the tight-coupling
technique was used and that a loose-coupling technique may be sufficient to capture this
interaction. Also, the physical interactions between the flooding mechanisms (e.g. atmospheric,
hydrological, and coastal oceanic) are typically handled via loose-coupling (Blanton et al., 2018).
Conversely, the tight-coupling technique is necessary to accurately account for watershednearshore interactions during storm events (Cheng et al., 2010). From the available literature, only
one study used a loosely-coupled technique to produce the compound inundation model, (Cheng
et al., 2010), which is described in Section 2.2.3.4. Also, only one study used a tightly-coupled
technique to produce the compound inundation model, (Tang et al., 2013), which is described in
Section 2.2.3.5. The remaining publications found used a linking technique and are summarized
in Table 2.2 through 2.4, which lists the year it was published, the location of the study area, the
numerical models used and the joining technique. These linked models are characterized based on
the type of base model (i.e. recipient model) used when joining both the hydrologic and ocean
circulation model. Therefore, they are categorized as i) linked hydrological model, ii) linked ocean
circulation model or iii) linked hydraulic model. Unfortunately, studies that used a fully-coupled
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technique to produce a compound inundation model were not found in the available literature. The
remainder of this section will focus on discussing published studies that employed a one-way,
loosely-, and tightly-coupled technique.

2.2.3.1. Linked Hydrologic Model
Thirteen percent of the publications found used a linked hydrologic model for the compound
model (See Table 2.2). This linking technique is based on independently running the ocean
circulation model first, which requires wind speed and atmospheric pressure data as input. The
results from the ocean circulation model (e.g. total seawater level) are used as an input for the
hydrologic model, in addition to the precipitation data, by means of boundary conditions. The
results from the linked hydrologic model can be considered as compound water level inundation.
This procedure is summarized in Figure 2.4. For example, Silva-Araya et al. (2018) first employed
an ocean circulation model (i.e. ADCIRC) to produce time series of total seawater level and used
it as an input to a hydrologic model (i.e. GSSHA) by means of time-varying boundary condition
points at the downstream end of the watershed. The studies within this category applied the models
in coastal watersheds in the US mainland and its territories. The vast majority of these studies used
the GSSHA hydrologic model, while ADCIRC was the most common ocean circulation model.
Also, the majority of these studies used observed data from a tide gauge to force the hydrologic
model instead of results from an ocean circulation model. Some studies considered future climate
change conditions, including varying sea-level rise (SLR), precipitation, and storm characteristics,
while others considered flooding scenarios from different return periods.
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Figure 2.4. Flowchart that represents a compound inundation model using a linked hydrologic
model. The ocean dataset can be obtained through a numerical model, observations or statistically
simulated records. A legend specifies which models and data (used as an input or an output) are
used as part of the compound inundation model.
In a compound model that uses a linked hydrologic model, information is transferred at the
boundary condition points located at the downstream end of the hydrologic model. The location
of the boundary points limits the influence of the storm surge, which is typically greater at the river
outlet (i.e. bay or estuary margin). These methods neglect any interaction between the rainfallrunoff and the storm surge in the coastal floodplain or in the flood transition zone (Bilskie and
Hagen, 2018). For example, the interaction between the surface runoff/storm surge, and the outof-bank flow/storm surge is not considered (See Figure 2.1). This can result in underestimating the
total water level.
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Table 2.2. Summary of all the publications obtained that used a hydrologic model as the base
model for a linked compound inundation model to estimate the total inundation due to an extreme
atmospheric event. The publications are sorted in chronological order of published date.
Reference

Study
Location

Karamouz
et al., 2014

New York,
US

Modeled Event
Flooding Scenarios from
different return periods
considering future climate
change
Hurricane Isabel (2003)
and Irene (2011);
Different Sea Level Rise
Scenarios

Models Used

Linking Method

GSSHA*

Time-variant
boundary conditions
points of WSE

Sub-grid
Hydrological
Transport
Model*

Time-variant
boundary conditions
points of WSE

ADCIRC,
GSSHA

Time-variant
boundary conditions
points of WSE

GSSHA*

Time-variant
boundary conditions
points of WSE

Loftis et al.,
2016

Virginia,
US

SantiagoCollazo et
al., 2017

Puerto
Rico, US

Hurricane Georges (1998)

Karamouz
et al., 2017b

New York,
US

Hurricane Irene (2011)
and Sandy (2012);
Flooding scenarios from
different return periods

Karamouz
et al., 2017a

New York,
US

Flooding scenarios from
different return periods

GSSHA*

Silva-Araya
et al., 2018

Puerto
Rico, US

Hurricane Georges (1998)

ADCIRC,
GSSHA

Florida, US

Varying SLR, storm
characteristics, and
precipitation for future
scenarios at 2030

ADCIRC,
SWAN, ICPR

Joyce et al.,
2018

Time-variant
boundary conditions
points of WSE
Time-variant
boundary conditions
points of WSE
Time-variant
boundary conditions
points of WSE

*Used observed data to represent the storm surge inundation in the compound inundation model.

On the other hand, the low computational power needed for this technique makes it suitable for
simulating multiple flooding scenarios within a short period. This technique requires less effort
since only the hydrologic model has to be developed if observed data for storm surge is used
instead of an ocean circulation model. Also, accurate flooding maps can be produced using this
technique, since Karamouz et al. (2017b) reproduce the flooding map from Hurricane Sandy
(2012) at lower Manhattan (New York City, NY) with a 3% overestimate of the floodplain area.
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Nevertheless, the conclusion from these studies supports the need for developing a more holistic
model that can account for potential interactions between storm surge and rainfall-runoff.

2.2.3.2. Linked Ocean Circulation Model
Forty-five percent of the publications found used a linked ocean circulation model for the
compound model (See Table 2.3). This linking technique is based on independently running the
hydrologic model first, which requires precipitation data as input. The freshwater discharge results
from the hydrologic model are used as an input for the ocean circulation model, in addition to the
wind speed and atmospheric pressure data, by means of boundary conditions. The results from the
linked ocean circulation model can be considered as a compound water level inundation. This
procedure is summarized in Figure 2.5. For example, Dresback et al. (2013) first employed a
hydrologic model (i.e. HL-RDHM) to produce freshwater discharge hydrographs and used them
as input to their ocean circulation model (i.e. ADCIRC) by means of time-varying boundary
condition points. The boundary condition points were located at four areas in the watershed, well
upstream the coast where any tidal or storm surge effects would be experienced. The studies within
this category applied this method to coastal watersheds in the US mainland, Taiwan, Australia,
Germany, England, and the Korean Peninsula. The vast majority of these studies used the ADCIRC
model, while HL-RDHM was the most used hydrologic model. In addition, the majority used
observed streamflow data from a river gauge to force the ocean circulation model instead of using
a hydrologic model. Some of these studies linked both numerical models through the use of timevariant boundary conditions of riverine discharge (i.e. freshwater flow), while others used river
stage level to set boundary conditions, and some used time-invariant riverine flow-drive radiation
boundary conditions. Only one study used rating curves (i.e. discharge versus water level plot).
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Figure 2.5. Flowchart that represents a compound inundation model using a linked ocean
circulation model. The hydrologic dataset can be obtained through a numerical model,
observations or statistically simulated records. Flowchart representing the linking between a
hydrologic model and an ocean circulation model using a linked ocean circulation model for the
compound inundation model. A legend specifies which models and data (used as an input or an
output) are used as part of the compound inundation model.
In a compound model that uses a linked ocean circulation model, the boundary condition that
transfers information from the hydrologic model is specified at the upstream end of the ocean
circulation model. Usually, the location of these boundary condition points is upstream in the river
system, where the influence of the estuary conditions (i.e. storm surge, tide, seawater level) can be
neglected. A limitation of this approach is that the out-of-bank flow, which exits from the stream
to the floodplain (See Figure 2.1 and 2.2) is not considered in the total compound inundation
model. Since when the freshwater discharge is transferred to the ocean circulation model as a
boundary condition point, it only transfers data from a single point and the recorded or simulated
discharge data may not include the out-of-bank flow. Chen and Liu (2014 and 2016) reported a
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mean absolute error ten times higher and a Root-Mean-Square (RMS) error nine times higher in
the river than on the coast. This can be attributed to the lack of the out-of-bank flow processes
within the linked model. Also, the precipitation that falls directly into the ocean circulation model
domain is neglected. These precipitation amounts may be negligible, but it can be significant for
slow-moving storms that dump an excessive amount of precipitation over a long period of time,
such as Hurricane Harvey (2017) and Hurricane Florence (2018). Therefore, the surface runoff
produced by this precipitation (i.e. rainfall-runoff) and the direct volume contribution over the
seawater domain is not accounted for the total compound inundation. Despite these limitations,
most studies demonstrated the importance of including the hydrology component in numerical
simulation of compound inundation in low-lying coastal watershed during extreme atmospheric
events (Bacopoulos et al., 2017; Bilskie and Hagen, 2018; Chen and Liu, 2016, 2014; Herdman et
al., 2018; Kumbier et al., 2018b; Maskell et al., 2014; Orton et al., 2012, 2018, 2015).
Similar to the linked hydrologic model, the low computational power needed for this technique
makes it suitable for simulating multiple flooding scenarios within a short period of time. This can
be useful as a first approximation of the flood levels when forecasting the impact of a tropical
cyclone to a low-gradient coastal watershed. Some researchers had simulated water levels with
RMS errors within 10.5 to 34 cm using this technique, which may be considered accurate when
modeling surge events on the order of tens of meters (Bacopoulos et al., 2017; Georgas et al., 2016;
Kumbier et al., 2018a; Orton et al., 2018). Also, this technique requires less effort since only the
ocean circulation model has to be developed if observed data for riverine flow is used instead of a
hydrologic model.

31

Table 2.3. Summary of all the publications obtained that used an ocean circulation model as the
base model for a linked compound inundation model to estimate the total inundation due to an
extreme atmospheric event. The publications are sorted in chronological order of published date.
Study
Reference
Modeled Event
Models Used
Linking Method
Location
Time-variant
2 Tropical Cyclones
McInnes et
Gold Coast,
RAM,
boundary conditions
(April 1989 and
al., 2002
Australia
GCOM2D+
points of flow
January 1974)
hydrographs
Hurricane Isabel
Time-variant
(2003), Tropical Storm
ELCIRC,
Stamey et
Virginia &
boundary conditions
Ernesto (2006), and
ROMS, WRF,
al., 2007
Maryland, US
points of flow
November 2006
RAMS, AHPS
hydrographs
Northeastern storm
Tromble et
North
Tropical Storm Alberto ADCIRC, HLRating curve
al., 2010
Carolina, US
(2006)
RDHM, Vflo
boundary condition
Holland
Time-variant
Park et al.,
Korean
Typhoon Meami
model,
boundary conditions
2011
Peninsula
(2003)
MATLAB+
points of WSE
Time-variant
Tromble et
North
Hurricane Floyd
ADCIRC, HLriverine flow-drive
al., 2011
Carolina, US
(1999)
RDHM
boundary condition
Hurricane Earl (2010)
Van
Time-variant
North
and Irene (2011);
HL-RDHM,
Cooten et
riverine flow-drive
Carolina, US
Tropical Storm Nicole
ADCIRC
al., 2011
boundary condition
(2011)
Hurricane Irene (2011)
Time-variant
Orton et
sECOM,
New York, US
and a March 2010
volume flux
al., 2012
WRF+
Northeaster storm
boundary condition
Time-variant
Blanton et
North
HL-RDHM,
Hurricane Irene (2011)
riverine flow-drive
al., 2012
Carolina, US
ADCIRC
boundary condition
Time-variant
Martyr et
Hurricane Gustave
riverine
flow-drive
Louisiana, US
ADCIRC+
al., 2013
(2008)
radiation boundary
condition
Time-variant
Dresback
North
HL-RDHM,
Hurricane Irene (2011)
riverine flow-drive
et al., 2013 Carolina, US
ADCIRC
boundary condition
Time-variant
Beardsley Massachusetts,
December 2010
boundary
conditions
FVCOM+
et al., 2013
US
Northeaster storm
points of flow
hydrographs
(table cont’d.)
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Reference

Kerr et al.,
2013

Maskell et
al., 2014

Chen and
Liu, 2014

Ge et al.,
2014
Thompson
and
Frazier,
2014
Orton et
al., 2015

Chen and
Liu, 2016

Georgas et
al., 2016

Study
Location

Louisiana, US

England, UK

Modeled Event
Hurricane Betsy (1965),
Camille (1969), Andrew
(1992), Katrina (2005),
Rita (2005), Gustav
(2008), Ike (2008) &
15 hypothetical storms
Idealized sinusoidal
hydrographs with M2
tides simulation

Models Used

Linking Method

ADCIRC+

Time-invariant
riverine flow-drive
radiation boundary
condition

FVCOM,
LISFLOODFP+

Typhoon Krosa (2007),
Kalmegei (2008),
SELFE+
Morakot (2009), and
Haiyan (2013)
Winter Storm Anatol
(1999) and Kyrill
Hamburg,
(2007); flooding from
FVCOM+
Germany
Anatol plus different
SLR scenarios
Different Storm
Intensities, SLR
Florida, US
SLOSH, ICPR
scenarios, and 24-hr
rainfall depths
sECOM,
533 Synthetic Tropical
Statistical
New York, US
Cyclones
Bayesian
approach
Typhoon Kalmegei
(2008), Morakot
Kaohsiung
(2009), Fanapi (2010),
SELFE+
City, Taiwan
Nanmadol (2011), and
Talim (2012)
sECOMNew York &
NYHOPS,
Winter Storm Jonas
New Jersey,
sECOM(2016)
US
SNAP, HMSHYDRO
Tainan City,
Taiwan

(cont’d.)
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Time-variant
boundary conditions
points of flow
hydrographs and
WSE
Time-variant
boundary conditions
points of flow
hydrographs
Time-variant
boundary conditions
points of flow
hydrographs
Overlay analysis of
3 inundation hazard
extent outputs
Time-varying
volume flux
boundary condition
Time-variant
boundary conditions
points of flow
hydrographs
Time-variant
boundary conditions
points of flow
hydrographs and
WSE

Reference

Study
Location

Modeled Event

Models Used

Bacopoulos
et al., 2017

Florida, US

Tropical Storm Fay
(2008)

SWAT,
ADCIRC

Bilskie and
Hagen,
2018

Louisiana, US

Historic Flood August
(2016) and Hurricane
Gustav (2008)

ADCIRC+

Blanton et
al., 2018

North
Carolina, US

Hurricane Isabel
(2003)

WRF, CREST,
ADCIRC

New York, US

76 historical storms
(1900-2010)

sECOM,
Statistical
Bayesian
approach

San Francisco,
US

Flooding scenarios
from different return
periods considering
future climate change

CoSMoS+

Herdman et San Francisco,
al. (2018)
US

Flooding scenarios
from different forcing
combinations

Delft3D-Flow+

Typhoon Maemi
(2008)

Delft3D-Flow,
HEC-HMS

Orton et
al., 2018

Erikson et
al. (2018)

Lee et al.
(2019)
+

Korean
Peninsula

Linking Method
Time-variant
riverine flow-drive
boundary condition
Time-variant
riverine flow-drive
boundary condition
Time-variant
riverine flow-drive
boundary condition
Time-variant
volume flux
boundary condition
Time-variant
boundary conditions
points of flow
hydrographs
Time-invariant
boundary conditions
points of river
discharge
Time-variant
boundary conditions
points of flow
hydrographs

Used observed data to represent the rainfall-runoff inundation in the compound inundation model.

2.2.3.3. Linked Hydraulic Model
Thirty-eight percent of the publications found used a linked hydraulic model for the compound
model (See Table 2.4). This linking technique is based on independently running the hydrologic
model and the ocean circulation model first with their required data inputs (e.g. precipitation, wind
speed, and atmospheric pressure). The results from the hydrologic model (e.g. freshwater
discharge) and the ocean circulation model (e.g. total seawater level) are both used as inputs for
the hydraulic model by means of boundary conditions. The results from the linked hydraulic model
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can be considered as compound water level inundation. This procedure is summarized in Figure
2.6. For example, Torres et al. (2015) first employed a hydrologic model (i.e. Vflo) and ocean
circulation model (i.e. ADCIRC) to produce freshwater discharge hydrographs and total seawater
levels to be used as inputs to a hydraulic model (i.e. HEC-RAS) by means of time-variant boundary
condition points at upstream and downstream portions of the watershed, respectively. The studies
within this category applied this method to coastal watersheds in the US mainland, China, United
Kingdom, Ireland, Bangladesh, and Taiwan. The vast majority used the HEC-RAS hydraulic
model. In addition, the majority of these studies used, in a combination or separately, observed
data from a river gauge and/or a tide gauge to force the hydraulic model instead of using a
hydrologic model or an ocean circulation model, respectively. All of these studies employed a
linking technique with the use of time-variant boundary conditions points of freshwater discharge,
time-variant boundary conditions points of seawater level elevation, or a combination of both.
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Figure 2.6. Flowchart that represents a compound inundation model using a linked hydraulic
model. The ocean and hydrologic dataset can be obtained through a numerical model, observations
or statistically simulated records. Flowchart representing the linking between an ocean circulation
model and a hydrologic model using a linked hydraulic model for the compound inundation model.
A legend specifies which models and data (used as an input or an output) are used as part of the
compound inundation model.
In a compound model that uses a linked hydraulic model, the boundary condition that transfers
information from each model (e.g. hydrologic and ocean circulation model) are specified at two
different locations within the hydraulic model. The hydrologic model passes information at the
upstream end of the hydraulic model, while the ocean circulation model passes information at the
downstream end of the hydraulic model. One of the limitations of this approach is the additional
effort of developing a third model (i.e. hydraulic model) to estimate the compound inundation. The
development of a model may require the collection and processing of data, as well as the
calibration and validation of the model. Also, most of the ocean circulation models (e.g. FVCOM,
ADCIRC) have the capability of computing the flow hydrodynamics as the hydraulic model, and
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therefore, at some instance, it may substitute the hydraulic model from their compound model
configuration. Similar to the approach of using an ocean circulation model to link both models,
the direct effects of the precipitation over the model domain is neglected. Since the hydraulic
model does not have the capacity to transform rainfall into surface runoff, the total compound
inundation may be underestimated. However, for most of these studies, the implementation of a
hydraulic model (i.e. 1D models) with boundary conditions derived from hydrologic and ocean
circulation models (i.e. 2D/3D models) can be a viable approach to reduce numerical modeling
gaps that exist for coastal rivers (Christian et al., 2015; Ikeuchi et al., 2017; Mashriqui et al., 2010,
2014; Ray et al., 2011; Skinner et al., 2015; Torres et al., 2015).
This technique requires less effort since only the hydraulic model has to be developed if
observed data for storm surge and riverine flow are used instead of an ocean circulation model and
a hydrologic model, respectively. Also, this technique may be useful to estimate the flood levels
in the transition zone (Bilskie and Hagen, 2018) since this technique extends well enough upstream
to isolate the effects of the storm surge in the riverine flow at the upstream boundary and extends
well enough downstream to isolate the effects of the riverine flow in the storm surge. This linking
technique can estimate accurate water levels since some researchers had simulated water levels
with RMS errors within 15 to 27 cm (Comer et al., 2017; Feng and Brubaker, 2016; Mashriqui et
al., 2014; Olbert et al., 2017; Wang et al., 2014).
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Table 2.4. Summary of all the publications obtained that used a hydraulic model as the base model
for a linked compound inundation model to estimate the total inundation due to an extreme
atmospheric event. The publications are sorted in chronological order of published date.
Study
Models
Reference
Modeled Event
Linking Method
Location
Used
Time-variant boundary
Mashriqui
Hurricane Isabel (2003)
Washington
HEC-RAS
conditions points of
et al.,
and 1996 Historical
,+
D.C., US
*
flow hydrographs and
2010
Flood
WSE
Time-variant boundary
Ray et al.,
HEC-RAS,
Texas, US
Hurricane Ike (2008)
conditions points of
2011
HEC-HMS*
flow hydrographs
Typhoon Longwang
Time-variant boundary
Lian et al.,
Fuzhou
(2005) and flooding
HEC-RAS*,
conditions points of
+
2013
City, China
scenarios from different
flow hydrographs
return periods.
Typhoon Haitang (2005)
Time-variant boundary
Chen et
Tainan City,
and Kalmaegi (2008);
SELFE,
conditions points of
+
al., 2013
Taiwan
flooding scenarios from
ArcGIS
flow hydrographs and
different return periods.
WSE
Time-variant boundary
Mashriqui
Washington
HEC-RAS*,
conditions points of
et al.,
Hurricane Isabel (2003)
+
DC, US
flow hydrographs and
2014
WSE
Time-variant boundary
Wang et
New York,
SELFE,
Hurricane Sandy (2012)
conditions points of
al., 2014
US
UnTRIM2 +
flow hydrographs
Time-variant boundary
New
Sub-grid
Loftis et
conditions points of
York/New
Hurricane Sandy (2012)
Inundation
al., 2014
flow hydrographs and
Jersey, US
Model*, +
WSE
HEC-RAS,
Hurricane Katrina
Time-variant boundary
Torres et
Vflo,
Texas, US
(2005), Ike (2008), and
conditions points of
al., 2015
ADCIRC+S
Isaac (2012)
flow hydrographs
WAN
Christian
ADCIRC,
Time-variant boundary
et al.,
Texas, US
Hurricane Ike (2008)
Vflo, HECconditions points of
2015
RAS
flow hydrographs
Flooding scenarios from
Time-variant boundary
Karamouz
HEC-RAS,
New York,
different return periods
conditions points of
et al.,
SWMM,
US
considering future
flow hydrographs and
2015
MLP
climate change
WSE
(table cont’d.)
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Reference

Study
Location

Modeled Event

Models
Used
2

Wang et
al., 2015

Washington
DC, US

Hurricane Isabel (2003)

Skinner et
al., 2015

Humber
Estuary, UK

December 5, 2013 Storm

Feng and
Brubaker,
2016

Washington
DC, US

Future flood scenarios
due to climate change

Olbert et
al., 2017

Cork City,
Ireland

November 2009 Extreme
Flood

Comer et
al., 2017

Cork City,
Ireland

November 2009 Extreme
Flood

+

CESARLisflood*, +
HEC-RAS*,
+

POM,
MSN_Flood
+

POM,
MSN_Flood
+

HEC-RAS
2D, HECHMS,
sECOMNYHOPS,
sECOMSNAP
CaMaFlood,
GTSR,
MATSIROGW

Saleh et
al., 2017

Hurricane Irene (2011)
and Sandy (2012)

Ikeuchi et
al., 2017

Bangladesh

Cyclone Sidr (2007)

Sopelana
et al.,
2018

Betanzos,
Spain

40 characteristic cases
from a 500-yr long time
series

Iber*, +

Kumbier
et al.
(2018b)

New South
Wales,
Australia

Low-Pressure Cyclone
(June 2016)

Delft3DFlow*, +
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,

UnTRIM *

New
York/New
Jersey, US

(cont’d.)

Linking Method
Time-variant boundary
conditions points of
flow hydrographs and
WSE
Time-variant boundary
conditions points of
WSE
Time-variant boundary
conditions points of
flow hydrographs and
WSE
Time-variant boundary
conditions points of
flow hydrographs and
WSE
Time-variant boundary
conditions points of
flow hydrographs and
WSE
Time-variant boundary
conditions points of
flow hydrographs and
WSE

Time-variant boundary
conditions points of
WSE
Time-variant boundary
conditions points of
flow hydrographs and
WSE
Time-variant boundary
conditions points of
flow hydrographs and
WSE

Reference

Study
Location

Modeled Event

Kumbier
et al.
(2018a)

New South
Wales,
Australia

Low-Pressure Cyclone
(June 2016) plus
different SLR scenarios

Washington,
US

Joint water surface level
and discharge events
from probabilistic
simulations

Serafin et
al. (2019)

Models
Used
Delft3DFlow*, +
HEC-RAS*,
+

Linking Method
Time-variant boundary
conditions points of
flow hydrographs and
WSE
Time-variant boundary
conditions points of
flow hydrographs and
WSE

*Used observed data to represent the storm surge inundation in the compound inundation model +Used
observed data to represent the rainfall-runoff inundation in the compound inundation model

2.2.3.4. Loosely-Coupled Models
As mentioned before, only one publication that used a loosely-coupled technique for developing
a compound model was found (Cheng et al., 2010). When both numerical models are looselycoupled, the zone where both flooding mechanisms (i.e. storm surge and rainfall-runoff) interact
must be specified using boundary condition points. This technique will require transferring the
results from one model to another at a certain time interval specified by the user. A third party
software typically carries out the exchange of information. This tight-coupling technique is based
on running the hydrologic model and the ocean circulation model with their required data inputs
(e.g. precipitation, wind speed, and atmospheric pressure) simultaneously. The results from each
model (e.g. freshwater discharge and total seawater levels) are used as inputs to the other model
(e.g. freshwater discharge used as an input to the ocean circulation model) by means of boundary
conditions and the models are run again with their new inputs. The results from the loosely-coupled
hydrologic/ocean circulation model can be considered as compound water level inundation. This
procedure is summarized in Figure 2.7.
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Figure 2.7. Flowchart representing the loosely-coupling between an ocean circulation model and
a hydrologic model for the compound inundation model. A legend specifies which models and
data (used as an input or an output) are used as part of the compound inundation model.
For example, Cheng et al. (2010) loosely-coupled an ocean circulation model (i.e. ADCIRC)
with a hydrologic model (i.e. pWASH123D) using this boundary condition points. They simulated
Hurricane Katrina (2005) impact over the Mississippi (US) coast using synthetic rainfall instead
of the actual hurricane rainfall. A limitation of this approach is that the interaction between the
two models occurs at the coastline only, where it could naturally occur upstream in the river outlet
or in the coastal floodplain. Nonetheless, this technique is capable of improving the interaction
between both flooding mechanisms (i.e. rainfall-runoff and storm surge) since their results
supported the use of a loose-coupling technique over the linking technique for watershednearshore interaction. For example, the comparison of results between different coupling
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techniques (e.g. one-way vs two-way) shows a difference in river stage and in overland water depth
of 60 cm and 1.0 m during the storm peak, respectively. Therefore, the linking technique may be
insufficient for intense storms since the greatest watershed-nearshore interaction is during the
storm peak.

2.2.3.5. Tightly-Coupled Models
Only one publication that used a tightly-coupled technique for developing a compound model
was found (Tang et al., 2013). Tight-coupling two numerical models at code level require that the
mathematical representation of one of the physical processes (e.g. storm surge or rainfall-runoff)
be included in the numerical code of the other model. This approach is more complicated than the
boundary condition method since it involves programming and modifying the numerical model
algorithm. Tang et al. (2013) used this approach to couple a hydrologic model (i.e. Flood Potential
Model) to an existing loosely-coupled hydraulic/ocean circulation model (i.e. FVCOM and
Shallow Water Model). They simulated varying storm conditions with different sea-level rise
scenarios over the New Jersey (US) coastline. A limitation of their study is that the hydrologic
model used does not consider any infiltration, precipitation losses, surface routing scheme or
runoff volume computations. Some physical processes, such as infiltration, are often neglected for
a simplified case but in some cases contributes to improving the results. For example, when Loftis
et al. (2016) considered infiltration their mean difference between modeled and observed water
levels reduced from 10% to 2-5%. Also, the equations that represent their hydrologic model are
implemented within the other model on a per-pixel basis, which may not capture the full-physics
behind each physical process. On the other hand, this technique requires less effort since only one
numerical model has to be developed. Also, this technique requires the running of only one
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numerical model, which might be computationally more expensive, and may require less user
interaction versus when multiple numerical models need to be run sequentially or simultaneously.

2.3. Conclusion and Future Research
Extreme weather events may bring intense rainfall and high storm surges along their trajectory.
Surface runoff is produced when an excess of water cannot infiltrate to the soil and this excess is
transported across the landscape by means of the gravity force until it reaches a channel or a river.
Storm surge is produced by a combination of strong winds blowing towards the shore and the uplift
of the water surface due to a decrease in barometric pressure. These two flooding mechanisms can
affect low-gradient coastal watersheds and their frequency is increasing due to effects of climate
change (Chen et al., 2013; Feng and Brubaker, 2016; Karamouz et al., 2017a; Passeri et al., 2015b).
Also, these flooding mechanisms can occur simultaneously or in close succession (i.e. compound
flooding), which can exacerbate flooding for coastal communities. Some recent examples are
Hurricane Florence (2018) that brought record-breaking rainfall (912 mm) to North Carolina,
while a 3.0-m maximum storm surge was recorded at the Neuse-Pamlico estuary (Erdman, 2018;
The Weather Channel, 2018). Also, Hurricane Harvey (2017) was the most significant tropical
cyclone rainfall event in US history producing a storm total rainfall of 1539 mm and a 3.2 m
maximum storm surge within the Texas region (Blake and Zelinsky, 2018). Therefore, there is an
urgent need to develop new technologies that are capable to comprehensively study and simulate
compound flood events.
Many numerical models or algorithms have been developed to determine the flooding caused
by rainfall-runoff in the past few decades. Similarly, numerical models for computing coastal
inundation caused by tropical cyclones have been developed. Researchers have coupled both
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numerical models (i.e. hydrologic and ocean circulation model) successfully using various
approaches (e.g. one-way, loosely-, tightly-coupled technique) to quantify compound inundation
brought by a cyclonic event. The linking technique may be useful as a first attempt to quantify the
compound inundation since it requires less effort and computational resources than loosely- or
tightly-coupling techniques. However, it neglects many of the natural interactions between both
flooding mechanisms, such as storm surge/surface runoff, storm surge/out-of-bank flow, and storm
surge/streamflow interactions. Also, the direct effects of the precipitation over the model domain
are neglected, while the additional effort of developing a third model (e.g. hydraulic model) may
be time-consuming. However, despite the use of the coupling technique (e.g. loosely or tightly),
some limitations are still encountered, such as limiting the exchange of information to a single
boundary (e.g. coastline only) and not including essential components of the hydrologic model
(e.g. infiltration, precipitation losses, surface routing scheme or runoff volume computations). To
address the current limitations for compound inundation estimates, future research should focus
on the following:
i.

Assessments of compound flood events in low-gradient coastal regions must move beyond
the current one-way and loosely-coupled techniques to tightly- and fully-coupled
approaches. Fortunately, computational resources can now favor tight-coupling techniques

ii.

The direct effect of the precipitation falling over the entire model domain must be assessed.
This domain includes the ocean circulation model domain, the hydrologic model domain,
and the transition zone (Bilskie and Hagen, 2018) between both flooding mechanisms. The
contribution can be included by means of an increase in the volume of water at the ocean
domain and as a surface rainfall-runoff computation at the land surface where both flooding
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mechanisms interact. Also, these contributions can be included by using a tightly-coupled
technique to introduce the corresponding equations within the hydrodynamic model.
iii.

The complete interaction between storm surge and rainfall-runoff at the coastal floodplain
must be quantified. These interactions include storm surge/surface runoff, storm surge/outof-bank flow, and storm surge/streamflow. They may be accounted for by means of tightcoupling techniques.

To the authors’ knowledge, no numerical model that considers all possible interactions (e.g.
storm surge/surface runoff, storm surge/out-of-bank flow, and storm surge/streamflow) between
both storm surge and rainfall-runoff in a single framework has been developed, published, or
employed in practice. Despite that many researchers have stated that there is an urgent need for
such a modeling framework (Cheng et al., 2010; Herdman et al., 2018; Mashriqui et al., 2010,
2014; Orton et al., 2012; Serafin et al., 2019; Skinner et al., 2015; Thompson and Frazier, 2014;
Wang et al., 2015). A comprehensive compound inundation model that considers all physical
processes can describe a more complete interaction between the flooding mechanisms that
commonly occur during an extreme event (e.g. hurricanes or typhoons). The improvement in
describing this interaction can translate into a more realistic simulated total flood hazards in coastal
watersheds, which affects millions of people around the world. This comprehensive compound
inundation model can serve as a more accurate complete flood forecast tool that can help decisionmakers and authorities create better coastal resiliency measurements (e.g. delineation of no-build
zones and flood insurance map) and emergency plans (e.g. identifying evacuation routes for
communities and issuing early warning advisories) that can save lives and reduce damages to
property.
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Chapter 3. Compound Inundation Modeling of a 1-D Idealized Coastal
Watershed
3.1. Introduction
Coastal watersheds, especially those with low-gradient topography, have recently been under
higher stress due to the increase in population, frequency of tropical cyclones, sea-level rise,
subsidence, and nuisance flooding. Low-gradient coastal watersheds can be defined as those
susceptible to flooding caused by various combinations of flows such as rainfall, tides, and storm
surge. From 1970 to 2010, the population within US coastal watershed counties increased by 50.9
million (i.e., a 45% increase) to 163.8 million, representing 52% of the entire US population in
2010 (NOAA, 2013). In the decade of the 2010’s, 24 billion-dollar (i.e., $1,000 million) weather
and climate disaster events (e.g., tropical cyclones, floods, and droughts) occurred within the US,
totaling up to $500,000 million (2017 USD) in estimated damages (Lall et al., 2018). Sea level rise
and storm surge impacts on coastal properties within the US are projected to be a cumulative cost
of $3,600,000 million (2015 USD) by 2100 under a high scenario (i.e., RCP 8.5) if no protective
measures are implemented (Fleming et al., 2018).
The two most important mechanisms that drive the inundation during an extreme
meteorological event at a coastal watershed are precipitation (i.e., rainfall) and storm surge, while
waves and astronomical tides mechanisms can contribute to the total inundation. Rainfall-runoff
(i.e., surface runoff or overland flow) results from the accumulation of the precipitation that falls
overland after accounting for initial soil abstraction, infiltration, evapotranspiration, and
vegetation interception. This rainfall-runoff, which is mainly driven by gravitational forces, can
be accumulated in poor drainage locations (e.g., ponding water) or conveyed by creeks, channels,
or rivers, increasing their flow rate and water depth. If the rainfall-runoff is sufficient to exceed
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the channel capacity, overbank flow may occur and further exacerbate the riverine floodplain’s
inundation. The magnitude of the rainfall-runoff inundation can be affected by the duration and
intensity of the rainfall, antecedent soil moisture, infiltration capacity, and land use / land cover
(LULC). For example, if the soil is “relatively” wet from a previous rainfall event rather than dry,
a second rainfall event will produce a greater inundation than a dry antecedent soil moisture.
Storm surge is the temporary rise of the seawater levels due to high winds and low atmospheric
pressure that can penetrate inland to inundate the coastal floodplain. The magnitude of this
inundation can vary due to local bathymetry and coastal geometry, magnitude and direction of the
winds, and astronomic tide levels. For example, if a storm surge event occurs during the highest
astronomical tide (i.e., spring tide), the storm surge inundation may extend farther inland than if it
occurred during the lowest astronomical tide (i.e., neap tide) water levels. Therefore, a compound
flood event is defined as an inundation event where two or more flooding mechanisms (e.g.,
rainfall-runoff, storm surge, tides, and waves) co-exist or occur in close succession during a single
meteorological event or combination of separate events (Bilskie and Hagen, 2018; Blanton et al.,
2018; Orton et al., 2018; Saleh et al., 2017; Wahl et al., 2015). Some examples of these
metrological events are tropical cyclones, intense and prolonged rainfall, prevalent strong onshore
winds, and low-pressure systems.
To accurately quantify compound flood, researchers have combined two or more inundation
models, statistics, or observed data using one of the following techniques: linking, looselycoupled, tightly-coupled, and fully-coupled (Santiago-Collazo et al., 2019). For example,
Bacopoulos et al. (2017) used a linking technique to combine the observed riverine flow into a
hydrodynamic model to assess the compound flood produced by Tropical Storm Fay (2008) for a
coastal watershed in eastern Florida, US. Using the same linking technique, Silva-Araya et al.
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(2018) combined a hydrologic model with storm surge simulated water levels to recreate the total
water levels due to Hurricane Georges (1998) along the east coast of Puerto Rico. This linking
technique can also be used as part of a real-time forecast framework, such as the one developed by
Dresback et al. (2013) for a coastal watershed in North Carolina, US. Meanwhile, Cheng et al.
(2010) employed a loosely-coupled approach to enhance the interaction between both flooding
mechanisms (e.g., storm surge and rainfall-runoff) when recreating the compound flood produced
by Hurricane Katrina (2005) over the Biloxi Bay in Mississippi, US. Finally, Tang et al. (2013)
combined the source code of two inundations models using a tightly-coupled approach to quantify
the compound flood over the New Jersey coastline, US.
While the vast majority of the compound flood models have been developed using twodimensional (2-D) inundation models, few studies (Christian et al., 2015; Feng and Brubaker,
2016; Karamouz et al., 2015; Lian et al., 2013; Mashriqui et al., 2010, 2014; Ray et al., 2011;
Serafin et al., 2019; Torres et al., 2015) have used a one-dimensional (1-D) approach to assess
compound flood. The 1-D inundation models have demonstrated the capability of capturing the
flow dynamics at well-defined conduits such as rivers, creeks, and tributaries while having low
computational cost compared to 2-D inundation models (Gori et al., 2020a).
The linking technique requires less effort and computational resources since it links via input
and output file exchange. However, this technique neglects many natural interactions between
flooding mechanisms (e.g., rainfall-runoff and storm surge). The loosely-coupled technique
improves the interaction between both flooding mechanisms since the exchange of input and
output files occurs iteratively. However, the exchange of information is limited to a single location
(e.g., coastline or river outlet). The tightly- and fully-coupled approaches are considered the most
complete coupling techniques since the former integrates the inundation models into a single

48

modeling framework by combining their source code, while the latter utilizes a single set of
governing equations to describe the full physical nature of compound flooding. These techniques
require more computational resources than the linking and loosely-coupled technique, and their
implementation is more complicated due to the complexity of the mathematical representation of
their physical processes. Overall, the compound flood events assessments must move beyond the
current linked and loosely-coupled techniques to tightly- and fully-coupled approaches (Bilskie et
al., 2021; Santiago-Collazo et al., 2019), so the comprehensive interaction between storm surge
and rainfall-runoff can be quantified. For detailed explanations of coupling techniques, refer to
Santiago-Collazo et al. (2019).
The present study aims to fundamentally evaluate each flooding mechanism (i.e., astronomical
tides, storm surge, and rainfall-runoff) and the associated hydrodynamic responses. An enriched
comprehension of the physical interaction of these flooding mechanisms can lead to the
identification of compound flood hazard zones and, for example, enhance the production of flood
maps for varying regions in the coastal watershed. The following knowledge gaps were addressed
to accomplish this study objective:
1. Establishing a fully-coupled, 1-D compound flooding model: to the authors’ knowledge,
a fully-coupled inundation model capable of describing the complete interaction between
the rainfall-runoff and storm surge has not been developed, published, or employed in
practice (Bilskie et al., 2021; Cifelli et al., 2021; Santiago-Collazo et al., 2019; Zhang et
al., 2020). The physical interaction between rainfall-runoff, astronomical tides, and storm
surge is very complex and highly non-linear, thereby requiring a fully-coupled modeling
approach (Ganguli et al., 2020; Huang et al., 2021).
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2. Performing a compound flood frequency analysis: the vast majority of the compound flood
models are tested under a single compound inundation event (Bacopoulos et al., 2017;
Blanton et al., 2018; Comer et al., 2017; Dresback et al., 2013; Ikeuchi et al., 2017; Lee et
al., 2019; Ray et al., 2011; Santiago-Collazo et al., 2017; Wang et al., 2014), whereas others
have evaluated up to five compound inundation events (Chen et al., 2013; Chen and Liu,
2014; Saleh et al., 2017; Torres et al., 2015; Van Cooten et al., 2011). However, very few
studies have conducted hundreds of compound inundation events using the same modeling
framework (Zhang and Najafi, 2020). A compound flood frequency analysis using results
from a physics-based modeling approach rather than solely a statistical analysis approach
(i.e., copulas and multivariate dependence analysis) can be the first step towards a risk
assessment of compound flood. This frequency analysis is scarce in the literature due to
the high computational cost that demands numerous storm surge and rainfall combinations,
especially when using 2-D models (Hsiao et al., 2021).
3. Accounting for astronomic tides: the current literature is limited to compound flood studies
that focus only on the dominant processes (i.e., storm surge and rainfall-runoff) brought
in a single event, thus neglecting the flooding impacts of the timing of astronomical tides
within the compound inundation (Mohanty et al., 2020).
Herein, a 1-D fully-coupled compound inundation model, based on the shallow water equations,
is developed to bridge these gaps. This modeling approach simultaneously simulates the free water
surface variations in the ocean domain (i.e., tide and storm surge modeling), rainfall-runoff in the
watershed’s upland region (i.e., hydrology/hydraulic modeling), and compound flooding within a
low-gradient expanse that contains what will be defined as the flood transition zone. A 1-D
compound inundation model can run numerous simulations at low computational cost, which aids
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in describing both flooding mechanisms’ interaction during a compound flood event. Therefore, a
Monte Carlo Simulation approach is used to create numerous combinations of these flooding
mechanisms and develop relative probability of compound flood levels as the first step towards a
compound flood frequency analysis.
To test this compound inundation model, a 1-D transect, representing idealized low-gradient
coastal watersheds, is applied under various forcing conditions (i.e., rainfall-runoff/tides/storm
surge combinations) that vary in magnitude, time, and space. The compound flood hazard zones
are based on the flooding mechanisms that dominated the region during the inundation and are
divided into hydrologic, coastal, and transition hazard zone. The results deepen our understanding
of the physical processes of compound flooding and inform future numerical model advancements.

3.2. Case Study
3.2.1. Idealized Coastal Watershed Transect
An essential component of any modeling framework is the description of the area to be
simulated. This may include a detailed description of several components such as topography
elevation (i.e., ground surface elevation above the ocean), bathymetry depth (i.e., sea-floor depth),
LULC, river networks, and coastal features (e.g., sea walls, barrier islands, bay inlets). Instead of
an observed domain, an idealized domain eliminates many complexities from the flood response
due to microtopography, small creeks, and surface roughness variations. Therefore, this study uses
an idealized transect developed to represent a “simplified” description of a low-gradient coastal
watershed.
First, a high-resolution Digital Elevation Model (DEM) was derived from the 2017 Louisiana
Coastal Master Plan ADCIRC model mesh (Roberts and Cobell, 2017), spanning up to the 10 m
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vertical elevation (NAVD88) inland and throughout the Gulf of Mexico. Next, 39 transects were
drawn perpendicular to the Louisiana coastline using the derived DEM. These transects extend
from the most inland portion of the mesh until an average of -50 m-NAVD88. Then, the DEMderived transect was simplified into a three-segment transect to create an idealized 1-D transect.
These segments were determined based on the change in slopes and the LULC. For example, two
different idealized segments can be established if an abrupt change in the bottom slope (e.g., from
0.005 to 0.12 m km-1) and in the LULC (e.g., from marsh to cultivate land) is identified. After
determining the idealized transect from each observed transect, each segment’s average slope and
length were computed for all the transects. These average slopes and lengths were then used to
create the idealized transect used as the modeling framework domain.
The selected idealized transect has a total length of 123 km and is divided into three segments:
lower segment, middle segment, and upper segment (Figure 3.1). The lower segment has a length
of 40 km from the beginning of the domain and a slope of 0.5 m km-1. The middle segment extends
from 40 to 78 km with the mildest slope in the domain (e.g., 0.005 m km-1), while the upper
segment covers from 78 to 123 km with a steeper slope of 0.1 m km-1.
In terms of flow resistance, the domain description is described by assigning a constant surface
roughness coefficient (i.e., Manning’s friction coefficient) at each segment. A Manning’s friction
coefficient of 0.02, 0.03, and 0.04 is assigned to the lower, middle, and upper segments,
respectively. These values represent that each idealized segment has a different LULC that
describes the observed data. For example, Manning’s friction coefficient for the lower segment
represents open water since this segment is completely submerged under mean sea-level conditions
(Mattocks and Forbes, 2008). For the middle segment, the Manning’s friction coefficient selected
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represents a mix of open water, wetland and marsh systems, while the upper segment consists of
shrub, scrubs, and cultivated land.

Figure 3.1. Selected one-dimensional idealized coastal watershed transect. Notice that the transect
is vertically exaggerated to show the profile details (i.e., the abscissa is in kilometers and the
ordinate is in meters).
3.2.2. Environmental Forcings
The 1-D compound inundation algorithm proposed in this study is tested under three flooding
mechanisms: rainfall-runoff, storm surge, and astronomical tides. Therefore, the compound flood
event consists of two separate events (e.g., an antecedent rainfall event and a tropical cyclone
event) that occur in close succession, and a third flood event (e.g., ebbing and flooding from
astronomical tides) that co-occurs with the other two flood events. The antecedent rainfall event
inundates the domain by pouring a uniform rainfall intensity over the upper segment, which then
flows downstream towards the middle segment in the watershed outlet’s direction (i.e., the zero
meter elevation node at a distance of 40 km). This rainfall event resembles the intense and
prolonged rainfall brought upon by low-pressure systems or warm fronts that bring moisture from
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the Gulf of Mexico into the mainland. Rainfall frequency maps developed by the Southern
Regional Climate Center (Faiers et al., 1997) are used to characterize the inundation from the
antecedent rainfall event. These rainfall frequency maps provide a spatially varied rainfall intensity
for different recurrence intervals in the South-Central US. For coastal Louisiana, the 24-hr
precipitation accumulation varies from a maximum of 146 to 381 mm for the 2- and 100-yr return
periods (i.e., annual exceedance probability), respectively. Therefore, one percent of an event
exceeds 381 mm day-1 rainfall in any given year in coastal Louisiana.
A tropical cyclone event will follow the antecedent rainfall event, whereby these two events are
mutually exclusive. Only the storm surge flooding mechanism from the tropical cyclone is
considered; therefore, any rainfall associated with the tropical cyclone event is neglected. The
flood elevations given by the Flood Emergency Management Agency (FEMA) flood insurance
study of Louisiana’s Southeastern parishes (FEMA and USACE, 2008) are used to characterize
the tropical cyclone event. For example, the flood elevations at -20 m NAVD88 (i.e., bathymetric
depth) in coastal Louisiana ranges from a maximum of 0.97 to 1.73 m for the 10- and 100-yr return
periods, respectively. These flood elevations selected are considered the direct contribution of the
storm surge flooding mechanisms. An empirical equation (Xu and Huang, 2014) for developing
storm surge hydrographs is used to recreate the storm surge conditions at the open ocean boundary
(i.e., the -20 m elevation node at a distance of zero km). This equation is based on observed storm
surge hydrographs induced by category 3 and 4 hurricanes at several coastal stations within the
Gulf of Mexico. For this study, the storm surge hydrograph produced by a category 3 hurricane is
used.
The ebbing and flooding of the astronomical tides are considered throughout the compound
flood event’s entire duration. Therefore, it occurs simultaneously with the tropical cyclone and
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antecedent rainfall event. As the astronomical tides flood, seawater inundates the middle segment,
while as the astronomical tides ebbs, seawater retreats and moves toward the lower segment. A
constant-amplitude, single-frequency tidal signal is used to represent the tidal flooding
mechanisms within the modeling framework. This tidal signal is applied at the open ocean
boundary and is computed using a sinusoidal function. Therefore, the tidal signal will be added to
the storm surge hydrograph to obtain the open ocean boundary’s total boundary condition.
A tidal resynthesis analysis of observed data (NOAA, 2021a) was performed to determine the
tidal amplitude for coastal Louisiana during a complete tidal cycle (i.e., approximately 14 days).
This technique recreates the water surface elevation due to the amplitude, phase, and speed of
several (e.g., 37) harmonic tidal constituents (Pugh and Woodworth, 2014). The daily tidal
amplitude was computed as one-half of the daily tide range (i.e., maximum daily level minus
minimum daily level) from the tidal resynthesis analysis performed at each of the ten NOAA
station selected (e.g., Freshwater Canal, Shell Beach, Pilot Station East, Grand Isle, Eugene Island,
Calcasieu Pass, Port Fourchon, Bay Waveland, Sabine Pass, and Amerada Pass). The spring tide
amplitude (i.e., maximum daily tide amplitude in the tidal cycle) is selected as the representative
tidal amplitude for the compound flood event since it is the most critical flooding scenario. The
spring tide amplitude averaged throughout coastal Louisiana is 0.43 m and typifies the microtidal
range (i.e., less than 0.50 m of tidal amplitude) of the Gulf of Mexico. Similarly, the diurnal tide
behavior (e.g., a period of 24 hours) selected mimics the conditions at the Gulf of Mexico. A
summary of the environmental forcings considered in the compound inundation is shown in Table
3.1.
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Table 3.1. Environmental forcings selected for the compound inundation event.
Source
Forcing
Minimum Maximum
Reference
Precipitation
rainfall frequency maps
146
381
Faiers et al., 1997
(mm day-1)
flood insurance study
FEMA and USACE,
Storm Surge (m)
0.97
1.73
2008
Astronomical
tidal resynthesis analysis Observed data from
0.08
0.43
Tides (m)
NOAA

Finally, the compound flood event timing is also varied to determine the response of the
ompound flood. For example, if the antecedent rainfall event finishes at the end of the second day
of the simulation, the tropical cyclone can arrive as early as the end of the antecedent rainfall event
to as late as 48 hr afterward (i.e., from the third to the fifth day of simulation). The start of the
antecedent rainfall event will not vary within the compound flood event timeline since it needs to
happen before the arrival of tropical cyclones storm surge effects. However, the duration of the
antecedent rainfall event can vary from 24 to 72 hr.

3.3. Methods
3.3.1. Governing Equations
The two governing equations for the vast majority of the inundation models are the continuity
equation and the momentum equation. These equations for gradually varied unsteady flow are
often referred to as the St. Venant equations or the shallow water equations (Singh, 1996). The St.
Venant equations are derived from the Navier-Stokes equations based on the following
assumptions: i) pressure distribution is hydrostatic, ii) velocity does not change with depth, and
iii) horizontal shear stress, and vertical velocity and acceleration component are negligible (Fiedler
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and Ramirez, 2000; Moussa and Bocquillon, 1996). The one-dimensional (1-D) St. Venant (i.e.,
shallow water) equations are given as:
𝜕𝐻 𝜕UH
+
=0
𝜕𝑡
𝜕𝑥
𝜕U
𝜕U
𝜕H
+𝑈
+𝑔
+𝐹 =0
𝜕𝑡
𝜕𝑥
𝜕𝑥

(3.1)
(3.2)

where 𝐻 represents the total water depth, U represents the depth-averaged water velocity, 𝐹
friction forces, 𝑥 represents the horizontal dimension, 𝑡 represents the time, and 𝑔 represents the
gravitational acceleration force. The first term on the left-hand side of the momentum equation,
Eq. (3.2), represents the local acceleration, while the second term represents the advective
acceleration, and the third term represents the pressure gradient.
Depending on the domain being modeled (e.g., ocean or land), researchers adopt one of these
terminologies for their governing equations based on the same fundamentals. For example, rainfall
runoff-driven inundation models choose the St. Venant terminology, while storm surge-drive
inundation models select the shallow water terminology. This terminology also dictates the friction
force term in the momentum equation since, in the St. Venant terminology, the friction term is a
function of the difference between the friction slope and the bottom slope, while in the shallow
water terminology, the friction term is formulated upon the bottom stress.

3.3.2. Numerical Model
Three separate algorithms were developed for the 1-D compound inundation model: i) a 1-D
storm surge-driven inundation algorithm referred to herein as Coastal Hydraulics Module (CHM),
ii) a 1-D rainfall runoff-driven inundation algorithm referred to herein as Watershed Hydraulics
Module (WHM), and iii) a 1-D rainfall-runoff hydraulics algorithm referred to herein as Overland
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Hydraulics Module (OHM). These modules are integrated into a single numerical framework via
a fully-coupling technique, described in Section 3.3.3.3.

3.3.2.1. Coastal Hydraulics Module
The two governing equations used in Coastal Hydraulics Module (i.e., CHM) are the 1-D
primitive depth-integrated continuity equation, Eq. (3.1), and the 1-D primitive depth-integrated
conservation of momentum equation in conservative form, Eq. (3.2), using the shallow water
terminology. The following terms were neglected from the original formulation: momentum
dispersion, depth-integrated baroclinic forcing, equilibrium tide potential, depth-integrated
horizontal momentum diffusion, atmospheric pressure, Coriolis force, and wind stress applied at
the water surface (Luettich et al., 1992). The Generalized Wave-Continuity Equation (GWCE) was
used in conjunction with the momentum equation’s non-conservative form to improve the
numerical solution’s stability (Kinnmark, 1986). These equations are summarized in 1-D as:
𝜕 2ƞ
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(3.5)

𝑛2 𝑔
𝐻 1⁄3

(3.6)

𝜏 = 𝐶𝑓

𝐶𝑓 =

(3.3)

where ƞ=H-h represents the free surface deviation, h represents the bottom depth, 𝜏 represents
the bottom friction, 𝐶𝑓 represents the friction coefficient (it can be specified directly as an input or
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computed using Eq. (3.6), where 𝑛 is the Manning’s friction coefficient, and 𝐺 is the weighting
parameter. The 𝐺 parameter controls the relative weight of the primitive continuity equation, such
that if 𝐺 → ∞, the equation is a pure primitive continuity equation, whereas if 𝐺 → 0, the equation
becomes a pure wave continuity equation (Dresback et al., 2005).
Two boundary conditions are required to solve the system: i) water level time series imposed
at open ocean boundary, and ii) a zero flow boundary condition imposed at the first dry node. This
water level time series represents the coastal forcings from the astronomic tides and storm surge
flooding mechanisms at the open ocean boundary (i.e., the -20 m elevation node at a distance of
zero km in Figure 3.1). The first dry node is defined as the subsequent node after the seawater
front, where the seawater front is the farthest wet node from the open ocean boundary. Therefore,
the CHM is applied from the open ocean boundary up to the seawater front.
The solution of the system can be separated into three essential steps. First, the GWCE, Eq.
(3.3), is solved for the free water surface deviation at the future time step. This equation is
dependent on the free surface water deviation at the current and previous time step and on the
depth-averaged horizontal velocity at the current and previous time step. Second, a wetting and
drying algorithm updates the computational nodes’ wet/dry status in the future time step (more
details in Section 3.3.3.2). Third, the momentum equation, Eq. (3.4), is solved for the depthaveraged horizontal velocity at the future time step. This equation is dependent on the free surface
water deviation at the current and previous time step and on the depth-averaged horizontal velocity
at the current and previous time step. Finally, these three steps are repeated for all the
computational time steps until the total simulation time has been reached.
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3.3.2.2. Watershed Hydraulics Module
The governing equations for the Watershed Hydraulics Module (i.e., WHM) are the continuity
equation, Eq. (3.7), and the momentum equation, Eq. (3.8), using the St. Venant terminology
(Costabile et al., 2013):
𝜕H
𝜕𝑈
𝜕𝐻
+𝐻
+𝑈
=𝑟
𝜕𝑡
𝜕𝑥
𝜕𝑥
𝜕U
𝜕U
𝜕𝐻
𝑈
+𝑈
+𝑔
+ 𝑔(𝑆𝑓 − 𝑆𝑜 ) = 𝑟
𝜕𝑡
𝜕𝑥
𝜕𝑥
𝐻

(3.7)
(3.8)

where 𝑟 represents the rainfall intensity, 𝑆𝑓 represents the friction slope, and 𝑆𝑜 represents the
bottom slope. The St. Venant equations’ simplified form called the Kinematic Wave equations
provides an appropriate representation of the physics for shallow overland rainfall-runoff,
especially in one dimension (Reddy et al., 2007). The Kinematic Wave equations neglect the local
acceleration term, the convective acceleration term, and the momentum equation’s pressure term
(Moussa and Bocquillon, 1996), Eq. (3.8). The source term in the momentum equation can also be
neglected since it is an order of magnitude less than the other terms (Kazezyilmaz-Alhan et al.,
2005). Therefore, the momentum equation in the Kinematic Wave equation form is
𝑔(𝑆𝑓 − 𝑆𝑜 ) = 0

(3.9)

Eq. (3.9) represents the balance between friction and gravity forces. Therefore, the friction slope
term in Manning’s equation, Eq. (3.10), can be substituted for the bottom slope term. Recall that
in a wide rectangular section (i.e., bottom width is much greater than water depth), the hydraulic
radius reduces to the water depth term. This Manning’s equation can replace the discharge per unit
width (i.e., water depth by velocity) that appears in the continuity equation. Therefore, the
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continuity equation reduces only to one dependent variable (i.e., water depth) as it is shown in Eq.
(3.11):
𝑞=

1 5⁄
𝐻 3 √𝑆𝑜
𝑛

(3.10)

5

𝜕H 1
𝜕 𝐻 ⁄3
+ √𝑆𝑜
=𝑟
𝜕𝑡 𝑛
𝜕𝑥

(3.11)

where 𝑞 = 𝐻 𝑈 represents the flow per unit width.
The system’s solution consists of solving the water depth in the continuity equation, Eq. (3.11),
iteratively because of the system’s non-linearity. Therefore, the Newton-Rapshon method was
selected as the iterative solver technique (Santiago-Collazo and Silva, 2019). This technique
consists of solving the system iteratively, at each time step, until the difference between two
successive iterations is less than a specified tolerance (e.g., 10 -7 m). Then, after convergence, the
time step is incremented, and the iterative procedure is repeated. A wetting and drying algorithm
was employed after the new water depth solutions have been computed. The WHM will be applied
only at the portion of the domain where the rainfall is falling. For this study, rainfall fell only at
the upper segment of the idealized coastal watershed transect. The WHM requires only one
boundary condition to obtain a unique solution to the system. Therefore, a zero flow boundary
condition is applied at the highest elevation node of the watershed region (i.e., the upper segment
of the idealized coastal watershed transect). The WHM starts from a dry bed condition, meaning
that all the nodes within the watershed region are considered to be dry at the initial simulation time
(i.e., 𝑡=0).

61

3.3.2.3. Overland Hydraulics Module
The Overland Hydraulics Module (i.e., OHM) was developed to route the rainfall-runoff
downstream through the portion of the domain where rainfall is not falling and the initial
conditions are dry. For this study, the OHM is only applied at the middle segment of the idealized
coastal watershed transect. This algorithm is identical to the CHM, except for the wetting and
drying algorithm’s minimum water depth threshold and the boundary conditions. The CHM
boundary conditions are specified at the open ocean boundary, while the OHM boundary
conditions are specified at the middle segment’s upstream end (i.e., highest elevation node within
the middle segment). A flow boundary condition is the only boundary condition imposed on the
OHM. This flow boundary condition represents freshwater from the rainfall-runoff computed by
the WHM, recreating the downslope propagation of a flood wave over dry land.

3.3.3. Numerical Approach
3.3.3.1. Discretization Technique
A finite element discretization in space and finite difference discretization in time was used for
each module (i.e., CHM, WHM, and OHM) as the discretization technique. The finite element
discretization selected for both equations of the CHM, Eq (3.3)-(3.4), was the symmetrical weak
weighted residual form (Reddy, 1993). All linear terms, surface elevation, velocity, and depths
(including the bottom stress and G-parameter term) are approximated over each element using a
first-order (i.e., linear) Lagrange local basis interpolation. The remaining non-linear and forcing
terms are approximated over each element using the L2 interpolation, which assumes constant
values over the element and is computed as the average value of the two nodes at that element.
The GWCE, Eq. (3.3), is discretized in time using a variably weighted, three-time-level, implicit
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scheme for all the linear terms, and the non-linear terms are treated explicitly (Luettich et al.,
1992). For the momentum equation, Eq. (3.4), a two-time-level, implicit Crank-Nicolson
approximation is applied to all terms except for the advective term, which is treated explicitly.
Therefore, the system of equations to be solved by the CHM has the following form, where Eq.
(3.12) is the discretization of the GWCE and Eq. (3.13) is for the momentum equation:
ƞ𝑘+1 − 2ƞ𝑘 + ƞ𝑘−1
ƞ𝑘+1 − ƞ𝑘−1
M(
)
+
𝐺
M
(
)
∆𝑡 2
2∆𝑡
+ 𝑔𝑹(𝛼1 ƞ𝑘+1 + 𝛼2 ƞ𝑘 + 𝛼3 ƞ𝑘−1 )
ƞ𝑘 − ƞ𝑘−1
𝑔
= 𝑈𝑒𝑙 𝑘 𝐍 (
) − 𝑈𝐻𝑒𝑙 𝑘 𝐏 U𝑘 − 𝐏(ƞ𝑘 )2
∆𝑡
2
𝑘

+ (𝐺 − 𝜏 𝑘 )𝐍 𝑈 𝑘 H

U𝑘+1 − U𝑘
1
1
M(
) + 𝜏 𝑘 M(U𝑘+1 + U𝑘 ) + 𝑔F(ƞ𝑘+1 + ƞ𝑘 ) = −𝑈𝑒𝑙 𝑘 𝐅 U𝑘
∆𝑡
2
2

(3.12)
(3.13)

where the superscript 𝑘 + 1, 𝑘, and 𝑘 − 1 represent the future, current, and past time step,
respectively; ∆𝑡 represents the computational time step; 𝛼1 , 𝛼2 , and 𝛼3 represents the time
weighting factors and their sum should equal one; the subscript 𝑒𝑙 represents that the parameter is
computed as the average at each element using the nodal values of that parameter; and M, R, N, P,
and F are elemental matrices that were developed using a first-order Lagrange local basis
interpolation. The elemental matrices M, 𝐑, and 𝐏, are symmetrical, and 𝐍 and F are nonsymmetrical, where F is the transpose of 𝐍.
The symmetrical weak weighted residual form was also applied to the continuity equation, Eq.
(3.11), in the WHM. The water depth term is approximated over each element using a first-order
Lagrange local basis interpolation. A two-time-level, implicit Crank-Nicolson approximation is
applied to all terms of the continuity equation as the finite-difference discretization in time.
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Therefore, the equation to be solved by the WHM has the following form, where Eq. (3.14) is the
discretization of the continuity equation.
5⁄
5⁄
𝐻 𝑘+1 − 𝐻 𝑘
1
1
M(
)+
√𝑆𝑜 F [(H𝑘+1 ) 3 + (H𝑘 ) 3 ] = T(r𝑘+1 + r𝑘 )
∆𝑡
2𝑛
2

(3.14)

where T represents an elemental vector that is constant throughout the entire domain.

3.3.3.2. Wetting and Drying Algorithm
A Wetting and Drying Algorithm (WDA) plays a crucial role in any inundation model. The
WDA is responsible for determining which elements will be included in the system’s solution at
each time step, depending on if they hold water. Also, WDA has been historically responsible for
accurately capturing and describing the physics of the inundation / recession process that involves
a flood wave propagating over dry land (Medeiros and Hagen, 2012). The WDA employed in all
three modules (i.e., CHM, WHM, and OHM) were adapted from Dietrich et al. (2005) and Luettich
and Westerink (1995a, 1995b).
The main criterion for drying a node is that if the water depth at a particular node falls below a
minimum water depth threshold (Ho), then that node is dry for the next time step. Therefore, this
dry node is removed from the solution of the system. If the total water depth falls below 80% of
Ho, then the water surface elevation is lifted to be 0.8 Ho to avoid mass balance problems. This
drying criterion is the first executed within the algorithm.
Next, the algorithm employs the nodal wetting criterion applied to the elements with one node
wet and the other dry. This criterion wets the dry node if the water level at the wet node is 120%
greater than Ho (1.2 Ho) and the steady-state velocity, given by Eq. (3.15), is greater than a
minimum velocity threshold (Umin).
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𝑈=𝑔

(ƞ𝑊 − ƞ𝐷 )
𝜏𝑊 ∆𝑥

(3.15)

where the subscripts 𝑊 and 𝐷 represent the wet and dry node, respectively, of the element of
interest, 𝜏 represents the bottom friction, which is computed in Eq. (3.5), and ∆𝑥 represents the
element size.
The algorithm applies an elemental drying criterion designed to avoid artificial wetting. This
criterion specifies that all downhill flow elements originating from a barely wet node (i.e., 1.2 Ho)
into wet nodes are forced inactive. Finally, the algorithm applies a nodal drying criterion to avoid
landlocked nodes, which occurs when a node is connected to both sides’ dry elements. If the wet
node is considered a landlocked node, then the algorithm drys it. An additional nodal wetting
criterion is applied for the WHM before any other criterion. This nodal wetting criterion specifies
that if a dry node receives a rainfall accumulation greater than 1.2 Ho, the node is considered to be
wet for that current time step. The threshold values (Ho and Umin) used in this case study are
provided in 3.3.3.4.

3.3.3.3. Coupling Technique
Two different coupling techniques were employed in the 1-D compound inundation model: a oneway coupling technique between the WHM and the OHM and a fully-coupled technique between
the CHM and the coupled OHM-WHM. The following procedure outlines the compound
inundation algorithm (see Figure 3.2):
1. The WHM is executed independently at the domain location where the rainfall is expected
to fall (e.g., the upper segment of the idealized coastal watershed transect). After finalizing
the WHM run, the water depth and discharge time series at each node are stored.
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2. The WHM’s rainfall-runoff (i.e., freshwater) discharge, computed in Step 1, is fed as a
flow boundary condition at the middle segment’s upstream node (i.e., highest elevation
node). This flow boundary condition is classified as a one-way coupling technique between
the WHM and the OHM (i.e., coupled WHM-OHM) since the information is only going
from the WHM to the OHM. The WHM’s freshwater discharge is the only input required
for the OHM.
3. Compute the new freshwater and seawater conditions simultaneously at each time step
3a. The coupled WHM-OHM computes the freshwater water surface deviation and
depth-averaged velocity at the middle segment.
3b. The CHM computes the water surface deviation and the depth-averaged velocity
from the seawater at the lower segment and possibly extending through the middle
segment.
4. Steps 2 and 3 are repeated for each time step until the fully-coupling technique occurs. The
fully-coupling between the CHM and the coupled WHM-OHM occurs when the following
conditions are met: i) both the seawater front (computed by the CHM) and freshwater front
(computed by the coupled WHM-OHM) are at the same node (i.e., coupling node), and ii)
at least one of the water depths are greater than the minimum water depth threshold for the
WDA of the CHM.
5. The rainfall-runoff from the coupled WHM-OHM is fed as a flow boundary condition to
the CHM at the coupling node.
6. The water surface deviation and the depth-averaged velocity at the current time step from
the rainfall-runoff (i.e., computed by the coupled WHM-OHM) are given to the CHM as
the current conditions flooded by the freshwater. The nodes inundated by the freshwater
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are from the coupling node to the most upstream node, where the water depth is sufficient
to keep the node wet (1.2 Ho). This coupling technique is considered a fully-coupled
approach since the three modules (i.e., CHM, WHM, and OHM) are governed by the same
set of equations, and the transfer of information occurs within the computer memory.
7. If the combined water front (i.e., most upstream wet node after fully coupling all modules)
is located within the WHM domain (i.e., the upper segment of the idealized coastal
watershed transect), the WHM freshwater discharge is fed as a flow boundary condition to
the fully-coupled model, similar to the one-way coupling between the WHM and OHM
(Step 2).
8. If rainfall is still falling at the upper segment after Step 6, the remaining rainfall must be
added to the fully-coupled inundation model. The rainfall-runoff’s total effect is not
considered due to the fully-coupled model taking control of the numerical computation at
the upper segment, where rainfall is still falling. The rainfall intensity term in the continuity
equation of the WHM, Eq. (3.7), is added as a source term in the GWCE, Eq. (3.3). This
rainfall intensity source term is multiplied by the weighting parameter (𝐺) according to the
development of the GWCE. The rainfall intensity source term is treated using a two-timelevel, implicit Crank-Nicolson approximation as the finite difference approximation in
time. For the finite element discretization approach, the rainfall intensity term was
approximated over each element using a first-order Lagrange local basis interpolation.
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Figure 3.2. Flowchart of the 1-D compound inundation model. The numbers within the flowchart
refers to the Step number of the coupling technique describe in 3.3.3.3.
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3.3.3.4. Model Setup
The 1-D compound inundation model was specified to run a 7-day simulation with a
computation time step of 10 seconds. The element size (i.e., grid spacing) was 200 m, totaling 616
computational nodes for the idealized coastal watershed transect selected as the case study. The
combination of this time step and element size results in a Courant-Friedrichs-Lewy (CFL)
condition of 0.7, which is within the recommended range to avoid numerical instabilities
(Mahgerefteh et al., 2009). The weighting parameter, 𝐺, of the GWCE was set to 0.03 throughout
the entire domain (Westerink et al., 2008), since the maximum bathymetric depth (e.g., -20 m) is
relatively shallow when compared to the deepest portion of the Gulf of Mexico (e.g.,
approximately 5,000 m). A different bottom roughness coefficient was specified at each segment
of the idealized coastal watershed transect. The selected Manning’s 𝑛 values were 0.02, 0.03, and
0.04 for the lower, middle and, upper segments, respectively.
A different minimum water depth threshold (Ho) and minimum velocity threshold (Umin) were
used for each module. For the WHM, Ho and Umin were established as 10-3 mm (Brufau et al.,
2004) and 10-3 mm s-1, respectively. For the CHM, Ho and Umin were set as 50 mm (Bilskie et al.,
2021) and 50 mm s-1, respectively. Finally, the Ho and Umin selected for the OHM were 1 mm
(Luettich and Westerink, 1995b) and 1 mm s-1, respectively.

3.3.4. Verification of Numerical Models
3.3.4.1. Coastal Hydraulics Module
The Coastal Hydraulics Module (CHM) was verified against an analytical solution of a
“frictionless” beach presented by Carrier and Greenspan (Carrier and Greenspan, 1958). This
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analytical solution describes the behavior of a frictionless wave on a linearly sloped beach. This
linearly sloped beach consisted of a 24 km length domain with a bathymetric depth at the open
ocean boundary of 5m. The element size was 250 m with a time step of 5 seconds. The bottom
friction coefficient (i.e., 𝐶𝑓 ) was specified as 0.001 and a 𝐺 parameter of 0.01. This domain was
forced with a tidal signal described by a constant-amplitude of 25 cm and a tidal period of 12 hr.
Finally, the minimum water depth and velocity thresholds for the WDA were set to 1 cm and 1 cm
s-1, respectively.
The seawater front (i.e., shoreline) position, which is defined as the farthest wet node from the
open ocean boundary, was computed for this linearly sloped beach using the CHM (Figure 3.3).
During the first 12 hr of the simulation (i.e., first tidal cycle), the CHM experiences some start-up
noise, which differs from the analytical solution. This behavior occurs since the CHM does not
employ a ramp function at the start of the simulation to smooth the transition from a cold start.
After the first tidal cycle, there is a good agreement in the seawater front position computed by the
CHM and the analytical solution, especially during the tides’ flood (i.e., shoreline position at 21
km). However, there is a slight difference (e.g., 100 m) between both solutions of the shoreline
position when the tides are ebbing (i.e., shoreline position at 18.8 km). This difference is because
the analytical solution was formulated assuming frictionless condition (i.e., 𝐶𝑓 = 0) of the surface,
but the CHM formulation does not allow a bottom friction coefficient of zero; therefore, a
relatively small value (i.e., 𝐶𝑓 = 0.001) had to be assigned. This relatively small bottom friction
coefficient does not dominate the momentum balance. Therefore, no friction-induced lag was
shown between both solutions of the shoreline position. Similar findings were presented by
Dietrich et al. (2004) when comparing this analytical solution to their numerical model.
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Figure 3.3. Seawater front position (i.e., shoreline) given by the Coastal Hydraulics Module
(CHM) and the analytical solution for the first 48 hours of simulation. The solid blue line
represents the analytical solution computations, while the red dots represent the CHM
computations.
3.3.4.2. Watershed Hydraulics Module
The Watershed Hydraulics Module (WHM) was verified against an analytical solution of a
hypothetical watershed by Gottardi and Venutelli (1993). This analytical solution represents a
rainfall-runoff routing, produced by a constant rainfall in space and time, through a linearly sloping
uniform terrain (i.e., paved parking lot). The hypothetical watershed is described with a catchment
area of 0.2 km2, a longitudinal length of 400 m, and a width of 500 m. The watershed has a uniform
bottom slope of 0.0005, a Manning’s 𝑛 value of 0.02, and a uniform rainfall rate of 19.8 mm hr-1
with a duration of 200 min. The WHM domain was discretized into uniform elements of 20 m,
totaling 21 computational nodes. The simulation was carried through 300 min with a
computational time step of 60 sec.
The rainfall-runoff (i.e., overland flow) hydrograph at the watershed outlet was computed using
the WHM and the analytical solution (Figure 3.4). The rainfall-runoff increases (i.e., rising limb)
71

for both solutions until the time of concentration has reached. The time of concentration represents
the watershed’s total contribution to the rainfall-runoff at the outlet (i.e., rainfall-runoff travel time
from the farthest location of the watershed to its outlet). For this hypothetical watershed, the time
of concentration was 73 min. The rainfall-runoff hydrograph remains constant after exceeding the
time of concentration and while rainfall is still falling over the watershed. This behavior represents
that the watershed has reached its maximum flow capacity, which for this hypothetical case is 7.9
m3 hr-1 m-1. After the rainfall ends, the rainfall-runoff decreases (i.e., falling limb) until the
watershed is drained. Overall, there is a good agreement in the rainfall-runoff computed by the
WHM and the analytical solution at this hypothetical watershed’s outlet. Similar findings were
presented by Reddy et al. (2007) when comparing this analytical solution to their numerical model.

Figure 3.4. Overland flow (i.e., rainfall-runoff) hydrographs for the hypothetical watershed using
the Watershed Hydraulic Module (WHM) and the analytical solution. The solid blue line
represents the analytical solution computations, while the dashed red line represents the WHM
computations.
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3.3.4.3. Mass Balance Analysis
Any shallow water model must be verified for conservation of mass, especially a continuous
Galerkin finite-element model (Dietrich et al., 2008), such as the one presented in this study. The
Finite Volume method (Kolar et al., 1994) was used to compute the global mass residual. This
method computes the mass balance between the accumulation (i.e., the first term in Eq. 16) and
the net flux (i.e., the second term in Eq. 3.16) within a single element. If the computed mass
residual, Eq. (3.16), for a single element over a one-time step equals zero, then mass was conserved
locally at this specific time step. If Eq. (3.16) equals a nonzero-sum, then mass residual exists.
When a global mass balance analysis is performed, the accumulation term in Eq. (3.16) has to be
summed over all elements in the domain. Therefore, the global mass balance error is computed as
the mass residuals averaged over the entire simulation period (Dietrich et al., 2005).
ƞ𝑘+1 + ƞ𝑘+1
ƞ𝑘 + ƞ𝑘𝑖+1
∆𝑡 𝜌
𝑖+1
[ 𝑖
− 𝑖
] ∆𝑥𝜌 + [𝐻𝑏𝑘 𝑈𝑏𝑘 + 𝐻𝑏𝑘+1 𝑈𝑏𝑘+1 ]
=0
2
2
2

(3.16)

where 𝜌 represents the water density (e.g., 1,000 kg m-3); the superscripts 𝑘 + 1 and 𝑘, and 𝑘 −
1 represent the future, and current time step, respectively; the subscript 𝑏 represents the node
containing the boundary condition or model forcing; and the subscript 𝑖 represents a node within
each element.
A global mass balance analysis was performed to evaluate the one-way coupled WHM-OHM
system and the fully-coupled inundation model due to the lack of an analytical solution. The
environmental forcing selected for this analysis was a tidal amplitude of 0.10 m, a peak storm
surge of 0.97 m, and a rainfall accumulation of 248 mm during an entire day. The total simulation
time was 40 days, in which rainfall falls at the upper segment of the transect during the 2nd day,
and the peak storm surge occurred during mid-day of the 4th day. The global mass balance error
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for the routing of rainfall-runoff through the middle segment (i.e., only considering rainfall) using
the coupled WHM-OHM system was 1.0 kg m-1 (i.e., 0.001 m3 m-1). For the fully-coupled
inundation model (i.e., tides, storm surge, and rainfall considered), the global mass balance error
was 33.6 kg m-1 (i.e., 0.0336 m3 m-1).
As a basis for comparing the mass balance analysis results presented above, the mass balance
analysis done by Dietrich et al. (2005) was recreated using the simulation results from the CHM.
The environmental forcing selected for this analysis was only a tidal amplitude of 10 cm with a
tidal period of 12 hr. The modeling domain consisted of a three-segment transect similar to one
proposed in this study (i.e., Section 3.2.1), except that the middle segment is horizontal (i.e., the
slope is zero) at a 0.5 m elevation. The net flux and accumulation terms for the global mass balance
analysis at the middle segment were computed using CHM (Figure 3.5). There is a good agreement
between the net flux and accumulation terms, meaning that the mass balance residual is low
through the entire simulation. The positive values represent that mass is entering the control
volume (i.e., middle segment), while the negative values represent that mass is leaving. This
behavior coincides with the ebbing and flooding of the tides. Overall, the global mass balance error
was 123 kg m-1 using the CHM, representing 6.4% of the average net flux or accumulation terms.
In comparison, Dietrich et al. (2005) reported 5,662,00 kg m-1 as the best global mass balance error
estimate. Therefore, this result represents that the fully-coupled inundation model and the coupled
WHM-OHM system conserves mass relatively well compared to other studies.
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Figure 3.5. Global mass balance analysis for the middle segment using the Coastal Hydraulics
Module for an idealized sloping beach. The solid blue line represents the net flux term, while the
dashed red line represents the accumulation term.
3.3.5. Simulation Set
3.3.5.1. Monte Carlo Simulation
A Monte Carlo Simulation (MCS) was performed to assess the total water level’s behavior
under a random combination of the flooding mechanisms. Only the main flooding mechanisms
during a compound flooding event (i.e., rainfall-runoff and storm surge) are varied in magnitude
and timing for the MCS. The selected parameters that were varied for the MCS were: rainfall
intensity (r𝑚 ), duration of the rainfall event (r𝑡 ), peak storm surge level (s𝑚 ), and peak storm surge
time (s𝑡 ). These parameters were varied between their upper and lower bounds, specified in Section
3.2.2, using a uniform distribution and a random sampling method to choose the different
parameter combinations. The rainfall intensity varied between the 2- and 100-yr return periods
(e.g., 146 to 381 mm day-1), lasting between 1 to 3 days. The peak storm surge level at the open
ocean boundary varied between the 10- and 100-yr return periods (e.g., 0.97 to 1.72 m) with a time
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to peak between 0 and 48 hr after the rainfall event ended. This storm timeline ensures that the
rainfall event occurs before the storm surge event; thus, an antecedent rainfall event is considered
to occur before the tropical cyclone’s arrival. Therefore, 1,000 different combinations of these four
input parameters were produced as part of the MCS.
The combination of the idealized coastal watershed transect and the diurnal micro-tides selected
for this study requires that all simulations start from a hot start rather than from a cold start. This
hot start represents the sea-level conditions at dynamic equilibrium with the tidal forcing only and
is required due to the model’s absence of a ramp function. Therefore, to avoid additional
simulations required to produce the hot start conditions for each of the MCS combinations, a single
hot start condition is selected for the 1,000 combinations of the MCS. This selected hot start
condition represents a 60 days simulation with spring tide conditions (e.g., 0.43 m tidal amplitude)
at the idealized coastal watershed transect (Section 3.2).
Three different flooding scenarios were evaluated using each of the MCS combinations. These
flooding scenarios are i) storm surge only, ii) antecedent rainfall event only, and iii) storm surge
and antecedent rainfall events (i.e., combined flood scenario). All three flooding scenarios include
the astronomical tides flooding mechanism throughout its entire simulation period. These flooding
scenarios resulted in three simulations for each MCS combination, with 1,000 MCS combinations
evaluated. Therefore, 3,000 simulations were performed to assess the compound flood at this
idealized coastal watershed transect.

3.3.5.2. Subset Selection
A subset from the 1,000 combinations of the MCS was extracted as a representative sample.
This subset consists of eight different combinations of the main forcing inputs (Table 3.2). Some
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combinations (e.g., IDs 525, 914, 267, and 953) were selected based on the magnitude of the
forcings (i.e., rainfall intensity and peak storm surge level), while others (e.g., IDs 398, 669, 193,
and 12) were selected based on the timing of the forcings (i.e., rainfall duration and peak storm
surge time). Combinations that had a forcing’s magnitude above 95% of the sample (i.e., 𝑟𝑚 >
15.4 mm hr-1 and 𝑠𝑚 > 1.69 m) or below 5% of the sample (i.e., 𝑟𝑚 < 6.51 mm hr-1 and 𝑠𝑚 > 1.02
m) were selected as part of this subset. Similarly, combinations that had a forcing’s timing above
95% of the sample (i.e., 𝑟𝑡 > 69.4 hr and 𝑠𝑡 > 45.2 hr) or below 5% of the sample (i.e., 𝑟𝑡 < 26.4
hr and 𝑠𝑡 < 1.91 hr) were also selected as part of this subset. Therefore, the selected subset
represents four different flood hazard combinations depending on the forcing’s magnitude and
timing, such as low surge – low rainfall, low surge – high rainfall, high surge – low rainfall, and
high surge – high rainfall.
Table 3.2. The subset of combinations selected from the Monte Carlo Simulation for the different
input parameters of the main flooding mechanisms (i.e., storm surge and rainfall-runoff).
Rainfall
Storm Surge
Duration Intensity Peak Level Peak Timea
ID
Flood Hazard Combinationb
(hr)
(mm hr-1)
(m)
(hr)
𝑟𝑡
𝑟𝑚
𝑠𝑚
𝑠𝑡
525
59.9
15.9
1.72
26.0
Mag High Rainfall-High Surge
914
25.2
15.8
0.97
43.7
Mag High Rainfall-Low Surge
267
27.5
6.40
1.02
0.92
Mag Low Rainfall-Low Surge
953
24.7
6.10
1.71
36.9
Mag Low Rainfall-High Surge
398
24.0
11.7
1.04
0.37
Tim Low Rainfall-High Surge
669
70.4
6.10
1.40
0.86
Tim High Rainfall-High Surge
193
69.4
6.90
1.00
47.5
Tim High Rainfall-Low Surge
12
25.2
11.4
1.69
46.3
Tim Low Rainfall-Low Surge
a

The storm surge peak time is referenced to the end of the rainfall event
Mag refers to forcing magnitude, and Tim refers to the forcing timing

b
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3.3.5.3. Flood Rank
A Flood Rank (𝐹𝑅 ), Eq. (3.17), was developed to interrogate the diverse response of the total
water levels due to the variations in environmental forcing’s. This ranking compares the maximum
water levels from a given simulation with the maximum of maximums and minimum of minimums
water levels. Therefore, each simulation will have a 𝐹𝑅 at each computational node, with values
ranging from 0 to 1. As 𝐹𝑅 → 0, the maximum water levels for a given simulation are closer to
the minimum of minimums, meaning that simulation has the least severe inundation. Conversely,
as 𝐹𝑅 → 1, the maximum water levels for a given simulation are closer to the maximum of
maximums, meaning that simulation has the most severe inundation. Since 𝐹𝑅 varies spatially
within each simulation, the average 𝐹𝑅 (i.e., ̅̅̅
𝐹𝑅 ) can be computed at different regions of interest
within the domain, such as compound flood hazard zones or changes in slope. ̅̅̅
𝐹𝑅 represents what
really happened, in terms of the inundation levels, given a set of environmental forces:
𝑁

ƞ𝑖 𝑗 − ƞ𝑖 𝐿
1
̅̅̅
𝐹𝑅 𝑗 = ∑ 𝑖
𝑁
ƞ 𝑢 − ƞ𝑖 𝐿
𝑖=1

(3.17)

Where the superscript 𝑖 represents the node index, 𝑁 represents the total amount of nodes within
a region, the subscript 𝑗 represents the simulation ID, the subscript 𝑢 represents the maximum
water level from the entire simulation set at node 𝑖, and the subscript 𝐿 represents the minimum
water level from the entire simulation set at node 𝑖.

3.3.5.4. Severity Index
The Severity Index (𝑆), Eq. (3.18), serves as a tool for ranking the different combinations based
on the forcing’s parameters. Note that the storm surge peak time (𝑠𝑡 ) is considered with respect to
a high astronomic tide level (𝑠𝑡𝐴 ). The “best” case (i.e., less severe) is when all input parameters
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are at their minimum value (e.g., 𝑟𝑚 = 6.09 mm hr-1, 𝑟𝑡 = 24 hr, and 𝑠𝑚 = 0.97 m) and the storm
surge peak time coincides with a low astronomic tide level (i.e., from 12 to 156 hr; every 24 hours),
representing 𝑆 = 0. Conversely, the “worst” case (i.e., more severe) is when all input parameters
are at their maximum value (e.g., 𝑟𝑚 = 16.0 mm hr-1, 𝑟𝑡 = 72 hr, and 𝑠𝑚 = 1.73 m) and the storm
surge peak time coincides with a high astronomic tide level (i.e., from 6 to 150 hr; every 24 hours),
representing 𝑆 = 1. This 𝑆 represents what could happen, in terms of the inundation levels, given
a set of environmental forces.
𝑆𝑗 = (𝜃1 𝑟𝑡 ∗ + 𝜃2 𝑟𝑚 ∗ + 𝜃3 𝑠𝑚 ∗ + 𝜃4 𝑠𝑡 ∗ )𝑗

(3.18)

where 𝜃 represents an unknown weighting coefficient for each input parameter, 𝑟𝑡 represents
the rainfall duration, 𝑟𝑚 represents the rainfall intensity, 𝑠𝑚 represents the peak storm surge level,
𝑠𝑡 represents the peak storm surge time with respect to the high astronomical tide level, and the
superscript * represents the normalized value of a given parameter.
An ordinary least-square regression (Haddad et al., 2013, 2011) is used to find the weighting
coefficients of 𝑆 within each region of interest for the complete simulation set. This technique
optimizes the weighting coefficient values by minimizing the square difference between the Flood
Rank and the Severity Index at each region of interest for the entire simulation set. Two constraints
were specified to determine these weighting coefficients. First, the sum of the weighting
coefficients must equal one (i.e., 𝜃1 + 𝜃2 + 𝜃3 + 𝜃4 = 1), since the Severity Index equation
represents a weighted average of the input parameters. Second, the values of the weighting
coefficients must be between zero and one (i.e., 0 < 𝜃 < 1), thus avoiding unrealistically negative
values.
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3.3.6. Compound Flood Hazard Zone Delineation
Compound flood hazard zones can be delineated based on the flooding mechanism that
dominates the total water levels at a particular region. Thus, three flood hazard zones can be
delineated: coastal, hydrologic, and transition. Three separate flooding scenarios have to be
simulated to delineate the flood hazard zones. The flooding scenarios considered are rainfall-runoff
and tides (i.e., rainfall-runoff), storm surge and tides (i.e., storm tide), and the combination of
rainfall-runoff, storm surge, and tides (i.e., combined). Researchers have recently used two
techniques to delineate the flood hazard zones based on the different flooding scenarios. The
technique used by Shen et al. (2019) consists in defining the transition zone as areas where the
combined scenario elevations are at least higher than the simulation of either flooding mechanisms
separately (e.g., rainfall-runoff or storm surge) by a specific threshold (e.g., 0.1 – 0.2 m) (Gori et
al., 2020b; Shen et al., 2019). Similarly, Bilskie and Hagen (2018) defined the transition zone
where the maximum water levels from the rainfall-runoff scenario are greater than the water levels
from the storm tides scenario, and the water levels from the combined scenario are greater than
the water levels from the rainfall-runoff scenario (Bilskie and Hagen, 2018; Bilskie et al., 2021).
This study defines the compound flood hazard zones using the maximum water level from three
individual flooding scenarios: rainfall-runoff only (𝑅), storm surge only (S ), and the combined
(i.e., rainfall-runoff and storm surge) scenario (RS). The coastal flood hazard zone is defined as
the region where the maximum water level from the storm surge scenario are approximately equal
(i.e., within 0.1 m) to the water levels from the combined scenario (i.e., ƞ𝑆 ≅ ƞ𝑅𝑆 ). The hydrologic
flood hazard zone is defined as the region where the maximum water level from the rainfall-runoff
scenario are approximately equal (i.e., within 0.1m) to the water levels from the combined scenario
(i.e., ƞ𝑅 ≅ ƞ𝑅𝑆 ). Finally, the transition flood hazard zone is defined as the region where the
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maximum water levels from the combined scenario are greater than the water levels from the storm
surge and rainfall-runoff scenarios (i.e., ƞ𝑆 < ƞ𝑅𝑆 and ƞ𝑅 < ƞ𝑅𝑆 ).

3.4. Results
The proposed 1-D compound inundation model outputs are time- and space-varying water
surface deviations and velocities. Post-processing these outputs can lead to the creation of water
levels and flow profiles. For example, the water surface elevation (WSE) and flow profiles for
Simulation #525 are presented in Figures 3.6 and 3.7, respectively, at different times. Note that the
ordinate of the WSE profiles is exaggerated (i.e., ordinate in meters vs. abscissa in kilometers) to
enhance the water level variations along the idealized transect. Before the fully-coupling between
the CHM and the coupled WHM-OHM occurs, the WSE for all three flooding scenarios overlap
each other beyond 47 km into the domain (Figure 3.6A). This behavior is expected since the
rainfall-runoff component is not yet considered in CHM for the rainfall-runoff only and combined
flood scenario. The astronomical tide flooding mechanism is the primary driver for the inundation,
flooding slightly (i.e., 0.04 m3 s-1 m-1) the first 7 km of the middle segment with seawater under
the three flooding scenarios (Figure 3.7A). There is a slight difference (i.e., 0.05 m) in the WSE
profiles of the rainfall-runoff only and the combined and storm surge only flood scenarios. This
difference is attributed to the storm surge component that is not considered in the rainfall-runoff
only scenario. Even if the peak storm surge does not occur until 86 hr into the simulation, the storm
surge component’s influence in the open ocean boundary can be seen as early as 100 hr before the
peak storm surge (Xu and Huang, 2014).
When the antecedent rainfall event ends (e.g., 60 hr into the simulation), the WSE profiles of
rainfall-runoff only and the combined flood scenarios overlap each other beyond 52 km into the
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domain (Figure 3.6B). This behavior represents that the rainfall-runoff flooding mechanisms
dominate the inundation at this region since the rainfall-runoff is at its maximum value with a
significant (i.e., 0.2 m3 s-1 m-1) amount of freshwater flowing seaward (Figure 3.7B). Conversely,
the WSE profiles of the storm surge only scenario overlap the combined flood scenario
downstream of the 39.5 km into the domain, meaning that the storm surge flooding mechanism
dominates the inundation at this region. Therefore, the compound inundation levels at the
remaining 12.5 km of the domain (i.e., from 39.5 to 52 km into the domain) are influenced by both
flooding mechanisms (i.e., storm surge and rainfall-runoff).
As the peak storm surge arrives (e.g., 86 hr into the simulation), it inundates the middle segment
with seawater, while freshwater flows seaward. This interaction results in a slight (i.e., 0.09 m 3s1

m-1) attenuation of the storm surge flooding effects since the flow profile from the storm surge

only scenario does not overlap the combined flood scenario profile (Figure 3.7C). The region
where both flooding mechanisms influence the compound inundation levels has triple its length
compared to when the antecedent rainfall event ended (Figure 3.6C). For the remainder of the
simulation period, the water levels from all the flooding scenarios will decrease gradually since
the only mechanisms driving the flood is the astronomical tides (Figure 3.6D-F). However, the
storm surge hydrograph’s falling limb inundates the middle segment when the high tide occurs at
the storm surge only scenario (Figure 3.7D). The storm surge contribution reflects in the amount
of water that flows seaward since the combined profile is slightly (i.e., 0.01 to 0.03 m 3s-1m-1)
greater than the rainfall-runoff only profile (Figure 3.7E-F). Furthermore, the 1-D compound
inundation model outputs can determine the location and time of the maximum inundation levels
and delineate compound flood hazard zones under different flooding scenarios.
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Figure 3.6. Water surface elevation profiles at different times for the Simulation #525 under
various flooding scenarios. The blue and green solid lines represent the storm surge only and
rainfall-runoff only, respectively, while the red dotted line represents the combined flood scenario.
The dashed black line represents the bottom profile. The title of each subpanel refers to the
simulation time.
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Figure 3.7. Flow profiles at different times for the Simulation #525 under various flooding
scenarios. The blue and green solid lines represent the storm surge only and rainfall-runoff only,
respectively, while the red dotted line represents the combined flood scenario. The dashed black
line represents the zero-flow value. The grey dotted lines represent the change in the slope of the
idealized transect. The title of each subpanel refers to the simulation time. Positive values represent
that water is moving landward, while negative values represent that water is moving seaward.
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3.4.1. Maximum Water Level
3.4.1.1. Magnitude
The maximum water level profiles are computed for the simulation’s subset under different
flooding scenarios (Figure 3.8). These profiles are obtained by selecting the maximum water level
during each computational node’s entire simulation period. In terms of the forcing’s magnitude,
the high rainfall – high surge flood hazard combination had the highest compound flood levels,
with a mean maximum flood depth of 0.97 m above land (i.e., middle and upper segment) (Figure
3.8A). The high rainfall – low surge flood hazard combination follows with 0.59 m (Figure 3.8B),
while the low rainfall – high surge combination follows closely with 0.57 m (Figure 3.8D). The
low rainfall – low surge flood hazard combination had the lowest mean maximum flood depth with
0.51 m above land (Figure 3.8C). This behavior is expected since the most critical combination
(i.e., high rainfall – high surge) should produce the greatest inundation levels and vice versa.
In terms of the forcing’s timing, the low rainfall – low surge flood hazard combination had the
highest compound flood levels, with a mean maximum flood depth of 0.69 m above land (Figure
3.8H). The high rainfall – high surge flood hazard combination follows with 0.66 m (Figure 3.8F),
while the high rainfall – low surge combination follows closely with 0.62 m (Figure 3.8G). The
low rainfall – high surge flood hazard combination had the lowest mean maximum flood depth
with 0.53 m above land (Figure 3.8E). This behavior can be attributed to the fact that the low
rainfall – low surge combination had the greatest storm surge magnitude and the second most
intense rainfall within this group. Therefore, compound inundation levels are affected by both the
forcing’s magnitude and timing. Suppose the maximum water level profiles from both individual
flooding scenarios (i.e., rainfall-runoff only and storm surge only) are linearly superimposed. In
that case, the resulting water levels are greater than the combined flood scenario profiles for all the
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simulations within the subset. This behavior represents that linearly adding the inundation levels
from these two flooding processes (i.e., storm surge and rainfall-runoff) overestimates the total
water level when considering them in a compound flood modeling approach.
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Figure 3.8. Maximum water level profiles for different flooding scenarios of the simulation subset.
The solid blue, green, and red lines represent the storm surge only, rainfall-runoff only, and
combined flood scenarios, respectively. The solid yellow line represents the linear superposition
of the water levels computed by the rainfall-runoff only and storm surge only scenarios. The
dashed black line represents the bottom profile. The title of each subpanel refers to the simulation
ID within the subset.
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The previous maximum water level profiles were extended through the entire simulation set.
First, the mean maximum water level was computed for each of the 3,000 simulations at the middle
segment to assess the Monte Carlo Simulation (MCS) performance (Figure B.1). The maximum
water levels, averaged over the middle segment, demonstrate a random distribution under each
flooding scenario. This behavior equals the distribution selected for creating the different input
parameter combinations using the MCS approach. Also, the running average of this mean
maximum water level becomes constant after 100 simulations, totaling 1.10, 0.81, and 0.74 m for
the combined, rainfall-runoff only, and storm surge only flooding scenarios, respectively. This
behavior represents that 1,000 simulations per flooding scenario are sufficient to describe the input
parameter’s variation using the MCS approach.
The descriptive statistics and the relative probability of the maximum water levels were
computed for each simulation under the three flooding scenarios (Figure 3.9). For the storm surge
only scenario, the mean maximum water levels occur at the beginning of the middle segment (i.e.,
40 km into the domain) and decrease as it extends through this segment (Figure 3.9A). For
example, 68% (i.e., +/- one standard deviation from the mean) of the maximum water levels are
within 1.14 and 1.90 m at the beginning of the middle segment but decreases to 0.39 and 0.49 at
the end of this segment. This behavior is expected since the highest water levels due to the storm
surge flooding mechanism occur at shallow bathymetry depths and decrease as they move inland
due to flow resistance (i.e., surface roughness) and gravity forces (i.e., water moving upward an
inclined plane). The lowest maximum water levels (e.g., 0.38 to 0.48 m) occurred at a high (i.e.,
5%) relative probability between 65 to 80 km into the domain, meaning that lower flooding levels
due to storm surge events occur more frequent (i.e., high relative probability) at this region (Figure
3.9B). There is a lower relative probability of higher water levels occurring toward the beginning
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of the middle segment. For example, there is 1.3% probability of the mean maximum water level
(e.g., 1.5 m) occurring at the beginning of the middle segment, meaning that higher flood levels
due to storm surge events are less frequent in this region.
For the rainfall-runoff only scenario, the mean maximum water depth at the upper segment is
less than the ones at the middle segment, even though the rainfall falls directly over the upper
segment (Figure 3.9C). This behavior is mainly due to the gravity forces that accelerate the
freshwater flow over steeper slopes (e.g., upper segment), preventing the water depth from
increasing rapidly. When the high-velocity freshwater flow reaches a milder slope (e.g., middle
segment), the water depth has to increase to compensate for the slower velocities, thereby
conserving mass as governed by the continuity equation. There is almost no variation in the
maximum water level at the end of the upper segment (i.e., 122 km into the domain) and at the
beginning of the middle segment with 68% of the maximum water levels ranging from 4.67 to
4.61 m and 0.51 to 0.46 m, respectively, while at the end of the middle segment (i.e., 78 km into
the domain) there is a greater variation (e.g., 0.30 m). This behavior is attributed to the boundary
conditions specified in the 1D compound inundation model. For example, the boundary condition
at the end of the upper segment specifies zero water depth at all times, while at the beginning of
the middle segment, the water levels are mainly controlled by the astronomical tides flooding
mechanism (i.e., a tidal amplitude of 0.46 m). Therefore, maximum water levels have a higher
(i.e., greater than 5%) relative probability of occurring at these two regions (Figure 3.9D). For the
highest 68% of the maximum water depth (e.g., 0.71 to 0.92 m above land), there is a relative
probability of 3% of occurring at the last 20 km of the middle segment (i.e., from 58 to 78 km into
the domain), meaning that high flooding levels produced by rainfall-runoff may occur more
frequently at this region.
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For the combined flood scenario, the maximum water levels at the beginning of the middle
segment and throughout the lower segment are mainly driven by coastal processes since these
values overlap with the ones from the storm surge only scenario (Figure 3.9E). Conversely, the
maximum water levels beyond 81 km into the domain (i.e., after the third kilometer at the upper
segment) are mainly driven by hydrologic processes since these values overlap with ones from the
rainfall-runoff only scenario. Therefore, the total water levels at the middle segment and the first
3 km of the upper segment (e.g., region between 40 and 80 km into the domain) are influenced by
both flooding mechanisms (i.e., storm surge and rainfall-runoff), on average, during a compound
flood event. The relative probability of these maximum water levels follows the individual
flooding mechanisms’ pattern (Figure 3.9F). For example, towards the beginning of the middle
segment, there is a lower relative probability (e.g., less than 2%) to have higher maximum water
depths (e.g., greater than 1.0 m), while toward the end of the upper segment, there is a higher
relative probability (e.g., more than 5%) to have lower maximum water depth (e.g., less than 0.35
m)
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Figure 3.9. Maximum water levels for the complete set of simulations under different flooding
scenarios: (A,B) storm surge only, (C,D) rainfall-runoff only, and (E,F) combined flood. The
descriptive statistics (A,C,E) and the relative probability (B,D,F) were computed for each flooding
scenario. The color bar on the right corresponds to the relative probability.
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3.4.1.2. Timing
The time to peak water level was computed for the simulation subset under each flooding
scenario to assess each flooding mechanism’s timing within a compound flood event (Figure 3.10).
This quantity is computed as the simulation time when the maximum water level occurred at each
computational. For Simulation #525, the earliest time to peak water level occurs within the upper
segment at 60 hr into the simulation for the rainfall-runoff only scenario (Figure 3.10A). This time
coincides with the end of the antecedent rainfall event, indicating that the maximum rainfall-runoff
contribution occurs at this segment as soon as the rainfall event ends. As time progress, the
freshwater wave propagates seaward through the middle segment taking up to 30 hr to travel 35
km (i.e., at a rate of 1.12 km hr-1).
For the storm surge only scenario, the earliest time to peak water level occurs at 86 hr into the
simulation at the beginning of the middle segment, which coincides with the peak storm surge time
at the open ocean boundary. Similar to the rainfall-runoff only scenario, the seawater wave
propagates landward through the middle segment covering 19.4 km in 6.57 hr (i.e., at a rate of 3.0
km hr-1). The segmentations that occur at 59.8 and 70 km into the domain of this time to peak
water level profile are due to the astronomical tides flooding mechanism. After the main storm
surge event occurs (i.e., approximately 86 hr into the simulation), seawater floods and remains at
the middle segment. When the next high tide cycle occurs, this seawater is pushed landward,
increasing the middle segment’s maximum water levels. A water-level hydrograph at these two
locations (i.e., 59.8 and 70 km into the domain) illustrates this behavior (Figure B.2). For example,
at 59.8 km into the domain, the time between the two highest peak water levels is 16 hours. This
time between peak water levels does not coincide with the time between successive high and low
tides (i.e., 12 hours) since the storm surge hydrograph’s falling limb influences the water levels.
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This same behavior is observed at 70 km into the domain for the storm surge only scenario and at
43 km into the domain for the rainfall-runoff only scenario.
For the combined scenario, the time to peak water level profile overlaps the profile from the
rainfall-runoff only scenario at the upper segment, meaning that hydrologic processes mainly drive
the time to peak water levels. Similarly, the time to peak water level profile of the combined
scenario overlaps the one from the storm surge only for the first 7 km of the middle segment (i.e.,
from 40 to 47 km into the domain), indicating that coastal processes mainly drive the time to peak
water levels. Therefore, the time to the combined scenario’s peak water level is influenced by both
flooding mechanisms at the remaining 31 km of the middle segment. The seawater flow that
penetrates inland under the peak storm surge conditions has enough momentum to push the
freshwater flow landward and further increase the middle segment’s total water levels. Therefore,
we can identify a pseudo-linear behavior of the time to peak water level profile at the middle
segment for the combined scenario.
The remaining simulations from the subset show the same behavior previously described for
each flooding scenario. However, for some flood hazard combinations (e.g., Simulation 267, 398,
and 669), the two flooding mechanisms may occur almost (i.e., within 2 hr) simultaneously but at
different locations within the domain. For example, for the low rainfall – low surge flood hazard
combination based on the forcing’s magnitude, the storm surge flood level’s earliest arrival time
is 29 hr at the middle segment, while the rainfall-runoff is 27.6 hr at the upper segment (Figure
3.10A). Since the compound flood event modeled consists of an antecedent rainfall event followed
by a tropical cyclone landfall, the earliest time to peak water levels corresponds to the rainfallrunoff flooding mechanism at all the simulations. For Simulation # 525 and 267, the time to peak
water level for all three scenarios occur at the exact location (e.g., 75 km for Simulation # 525 and
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52 km for Simulation # 267) in less than one hour (Figure 3.10A,C). However, water level
hydrographs for these locations illustrate that if the individual flooding mechanisms are linearly
superposed, the total water levels overestimates the compound inundation when the flooding
mechanisms are not considered in a compound modeling framework (Figure B.3). Therefore, the
non-linearity of a compound inundation is not only because of the different time-to-peak water
levels from each flooding mechanism.
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Figure 3.10. Time to peak water level for different flooding scenarios of the simulation subset. The
blue, green, and red dots represent the storm surge only, rainfall-runoff only, and combined flood
scenarios, respectively. The title of each subpanel refers to the simulation ID within the subset.
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The descriptive statistics and the relative probability of the time to peak water levels were
computed for each simulation under the three flooding scenarios (Figure 3.11). For the storm surge
only scenario, the peak water levels take 70.7 hr, on average, to travel through the middle segment
at a rate of 0.91 km hr-1 (Figure 3.11A). The range of 68% of the time to peak water levels remains
relatively constant (i.e., within 1 hr) throughout the middle segment with a value of 40 hr. This
behavior represents that the spatial variation of the time to peak water levels are mainly dominated
by the flow resistance parameters (i.e., Manning’s roughness coefficients) and not by the variations
in input parameters. Recall that for this case study, Manning’s roughness is constant throughout
each segment. Three different periods are identified with the highest (i.e., greater than 4%) relative
probability of occurring peak water levels throughout the middle segment (Figure 3.11B). These
three periods approximately (i.e., within 1 hr) equal the time between successive high and low
tides (e.g., 12 hr), meaning that the astronomical tides flooding mechanism regularly influences
the time to peak water levels for the storm surge only scenario.
For the rainfall-runoff only, the time to peak water levels at the upper segment increases at a
higher rate (i.e., 4.2 km hr-1), on average, compared to the one (i.e., 0.80 km hr-1) at the middle
segment (Figure 3.11C). This behavior is expected since the upper segment’s slope is steeper than
the middle segment, resulting in water levels reaching their maximum value almost
simultaneously. The range of 68% of the time to peak water levels decreases towards the sea from
the end of the upper segment until it reaches its minimum at 80 km into the domain, then starts to
increase with its maximum occurring at the beginning of the middle segment. This behavior
indicates a high (i.e., greater than 4%) relative probability that the time to peak water levels occurs
between 78 and 87 km into the domain (Figure 3.11D). Three different periods are identified with
the highest (i.e., greater than 5%) relative probability of occurring peak water levels within the
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first 10 km of the middle segment (i.e., 40 to 50 km into the domain). These three periods exactly
match the tidal period (i.e., the time between successive high tides levels) specified for the
astronomical tide flooding mechanisms (e.g., 24 hr). This behavior represents that the astronomical
tides flooding mechanisms can influence the rainfall-runoff flood up to 10 km inland.
For the combined scenario, the time to peak water levels for the first 8 km of the middle segment
overlaps the ones from the storm surge only scenario, on average, meaning that coastal processes
dominate the compound flood’s timing at this region (Figure 3.11E). Conversely, the time to peak
water levels for most of the upper segment (i.e., from 83 to 123 km into the domain) overlap the
ones from the rainfall-runoff only scenario, on average, meaning that hydrologic processes
dominate the compound flood’s timing at this region. Therefore, there is a 40 km region (i.e., from
48 to 83 km into the domain) where both flooding mechanisms, on average, influence the
compound flood’s timing. Similar findings were observed from the maximum water level analysis
in Section 3.4.1.1. The highest (i.e., higher than 5%) relative probability of time to peak water
levels occur between 79 and 88 hr at the middle segment (i.e., from 47 to 72 km into the domain)
(Figure 3.11F). This behavior represents that the most frequent time to peak water level occurs at
the region where both flooding mechanisms influence the compound water level, highlighting the
importance of using a compound flood modeling approach to assess total water levels at a coastal
watershed.
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Figure 3.11. Time to peak water level for the complete set of simulations under different flooding
scenarios: (A,B) storm surge only, (C,D) rainfall-runoff only, and (E,F) combined flood. The
descriptive statistics (A,C,E) and the relative probability (B,D,F) were computed for each flooding
scenario. The color bar on the right corresponds to the relative probability.
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3.4.2. Compound Flood Hazard Zones
The compound flood hazard zones are delineated for the simulation subset using the technique
proposed in Section 4.3.6 (Figure 3.12). The flood hazard combinations with a low rainfall
magnitude (i.e., Simulation # 267, 953, and 669) and timing (i.e., Simulation # 398 and 12)
component had the least hydrologic flood hazard zone within the simulation subset. These
hydrologic flood hazard zones did not cover the entire upper segment, where rainfall is falling
directly. Conversely, the flood hazard combinations with a high storm surge magnitude (i.e.,
Simulation # 953) and timing (i.e., Simulation # 398 and 669) component had the greatest coastal
flood hazard zone within the simulation subset. However, when the rainfall magnitude is high (i.e.,
Simulation #525 and 914), the hydrologic flood hazard zone can cover the entire upper segment
and even extend through portions of the middle segment, reducing the coastal flood hazard zone
and extending the transition flood hazard zone though the lower segment.
In terms of the forcing’s magnitude, higher rainfall events produce greater hydrologic flood
hazard zones, while lower rainfall events produce higher coastal flood hazard zones, regardless of
the storm surge event. This behavior represents that less freshwater flowing seaward permits the
coastal flood hazard zone to penetrate farther into the middle segment and push the transition flood
hazard zone further inland. Regarding the forcing’s timing, the coastal flood hazard zone is greater
than the hydrologic flood zone regardless of the peak storm surge arrival, except for long-duration
rainfall events (i.e., Simulation # 12).

99

Figure 3.12. Compound flood hazard zones for the simulation subset. Each color represents a
different flood hazard zone. The dotted lines represent the different segments within the idealized
coastal watershed transect.
The coastal and hydrologic interfaces are computed for the entire simulation set to determine
the relative probability of where these flood zones begin or end. The coastal interface refers to the
location where the coastal flood hazard zone ends, and the transition flood hazard zone begins,
while the hydrologic interface refers to the end of the transition flood hazard zone and the
beginning of the hydrologic flood hazard zone. The minimum, mean, and maximum coastal
interface are 36.4, 41.7, and 60.6 km into the domain, respectively, while the hydrologic interface
is 55.8, 79.8, and 83.4. Therefore, the transition flood hazard zone extends from 41.7 to 79.8 km
into the domain on average. These findings represent that coastal processes can influence the total
water levels up to 32 km inland under a compound inundation event for this coastal watershed
transect. The coastal interface has its highest (i.e., greater than 10%) relative probability of
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occurrence between 39.4 to 42.8 km into the domain, while the hydrologic interface occurs
between 77.8 to 83.5 km into the domain (Figure 3.13A). Therefore, the transition flood hazard
zone with the highest relative probability of occurrence extends from 39.4 to 83.5 km into the
domain. These results represent a high relative probability that the coastal processes dominate the
total water levels up to 39.4 km into the domain, while the hydrologic processes dominate beyond
83.5 km into the domain during a compound flood event.
The length of the compound flood hazard zones is determined for the complete simulation set.
The minimum, mean, and maximum lengths for the coastal and hydrologic flood zones were very
similar, with 36.4, 41.7, and 60.6 km for the coastal flood hazard zone, respectively, and 39.6,
43.2, and 67.2 km for the hydrologic flood zone, respectively. However, the transition flood hazard
zone is significantly less, with 15.8, 35.2, 43.6 km, respectively. There is a high (i.e., 30%) relative
probability that both the coastal and hydrologic flood hazard zones have the largest length, 40.3
and 42.8 km, respectively (Figure 3.13B). On the contrary, the relative probability of the transition
flood hazard zone’s length is lower than the other two flood hazard zones, having a more extensive
spread in its distribution rather than a centralized distribution as the other flood hazard zones.
These findings represent that, on average, each flooding mechanism dominates the total water
levels at larger portions of the domain than both having an influence within the same region during
a compound inundation event.
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Figure 3.13. Relative probability of the compound flood hazard zone’s (A) interface and (B)
lengths for the entire simulation set. Each color bar represents a different compound flood hazard
zone. The gold dashed line represents the idealized coastal watershed transect.
3.4.3. Relationship between Environmental Forcing’s and Inundation Levels
A correlation analysis between the Flood Rank and the Severity Index was performed to
investigate the relationship between the environmental forcing’s (i.e., model’s inputs) and the
inundation levels (i.e., model’s outputs). This analysis was accomplished by evaluating the rootmean-square error (RMSE) and the coefficient of determination (R2) estimates between these two
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estimates at different regions of interest. The regions selected are the compound flood hazard zones
(e.g.., coastal, transition, and hydrologic), the different segments of the domain (e.g., lower,
middle, and upper), and the entire domain. The rainfall intensity is the controlling input parameter
for the entire domain, followed by the peak storm surge time, peak storm surge, and rainfall
duration (Table 3.3). The weighting parameters (𝜃𝑖 ) are evenly (i.e., the same order of magnitude)
distributed between the coastal and hydrologic processes for the entire domain. This behavior is
expected since both flooding mechanisms influence the total water levels throughout the entire
domain. There is a high correlation (i.e., R2 =0.98 and RMSE =0.02) between Flood Rank and
Severity Index values, meaning that the estimated weighting coefficients accurately predict the
severity of the inundation levels at the entire domain (Figure 3.14A). Therefore, this set of
weighting parameters can be used to identify severe combinations of environmental forcing’s
before running any hydrodynamic model at the entire domain, saving computational resources and
time.
Table 3.3. Weighting coefficients of the Severity Index equation at each compound flood hazard
zone and domain segment.
Compound Flood Hazard Zone
Domain Segment
a
Value
Coastal Transition Hydrologic Lower
Middle
Upper
Complete
𝜃1

0

0.371

0.343

0

0.310

0.360

0.217

𝜃2

0

0.245

0.635

0

0.211

0.640

0.287

𝜃3

0.418

0.198

0.015

0.414

0.238

0

0.221

𝜃4

0.582

0.186

0.007

0.586

0.241

0

0.275

a

the subscript 1 through 4 refers to the weighting coefficient for the rainfall duration, rainfall intensity,
storm surge magnitude, and peak storm surge time relative to the astronomic tides, respectively.
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For the lower segment, the only two weighting parameters that influence the Severity Index are
associated with coastal processes, with the peak storm surge being the dominating parameter. This
behavior represents that the coastal processes dominate this region. The weighting parameters at
the coastal flood hazard zone are very similar (i.e., within 1%) to the ones at the lower segment of
the domain, confirming the location of this flood hazard zone. Furthermore, both regions
demonstrate a high correlation (i.e., R2 =0.98-0.99 and RMSE =0.03) between the Flood Rank and
the Severity Index, meaning that the Severity Index can accurately forecast the severity of the flood
levels at these regions (Figure 3.14B,C). Therefore, the Severity Index can be used as an initial
estimate of coastal flood hazard zone location, based on the weighting parameters.
For the middle segment, the rainfall duration is the controlling parameter (i.e., between 23 to
32% greater), followed by the peak storm surge time, peak storm surge, and rainfall intensity. The
hydrologic processes have a higher chance of dominating the Severity Index than the coastal
processes, with 52% of the total weighting parameters. This behavior represents that both flooding
mechanisms (i.e., storm surge and rainfall-runoff) influence the total water levels in the region.
Similarly, the rainfall duration is the highest parameter (i.e., between 35 to 49% greater) at the
transition flood hazard zone, followed by the rainfall intensity, peak storm surge, and the time to
peak storm surge. The hydrologic processes have a higher (i.e., 10% more) contribution to the
Severity Index at the transition flood hazard zone than at the middle segment, meaning that the
hydrologic processes have an even greater influence over the total water levels at the transition
flood hazard zone. There is a higher correlation (i.e., 20% greater RMSE and 5% greater R2)
between the Flood Rank and the Severity Index at the middle segment than at the transition flood
hazard zone (Figure 3.14D,E). This difference in correlation can be attributed to the fact that the
weighting parameters at the middle segment are more evenly distributed between them than at the
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transition flood hazard. Therefore, both flooding mechanisms should be considered when
forecasting the severity of the compound flood levels at these regions. Furthermore, the Severity
Index can be used as an initial guess of the transition flood hazard zone’s location, based on the
weighting parameters.
For the upper segment, the only two weighting parameters that influence the Severity Index are
associated with hydrologic processes, being the rainfall intensity the dominating parameter. This
behavior represents that the hydrologic processes dominate this region. The weighting parameters
at the hydrologic flood hazard zone are very similar (i.e., within 5%) to the ones at the upper
segment of the domain, even though minor (i.e., up to two orders of magnitude less) weighting
parameters for the storm surge flooding mechanisms were obtained. This behavior confirms that
the hydrologic flood hazard zone occurs at the upper segment. Furthermore, both regions
demonstrate a high correlation (i.e., R2 =0.97 and RMSE =0.04) between the Flood Rank and the
Severity Index, meaning that the Severity Index can accurately forecast the severity of the flood
levels at these regions (Figure 3.14F,G). Therefore, the Severity Index can be used as an initial
guess of the hydrologic flood hazard zone location, based on the weighting parameters.
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Figure 3.14. Correlation between the flood rank and the severity index for the complete set of
simulations at different locations: (A) complete domain, (B) coastal flood hazard zone, (C) lower
segment, (D) transition flood hazard zone, (E) middle segment, (F) hydrologic flood hazard zone,
and (G) upper segment. The root-mean-square error (RMSE) and the coefficient of determination
(R2) values are displayed in each panel.
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3.5. Discussion
Compound inundation can vary widely due to several factors such as coastal watershed
characteristics (e.g., bathymetry / topography and LULC), environmental forcing’s (e.g., storm
surge, rainfall, and astronomical tides), and timeline of weather events (e.g., rainfall event before
tropical cyclone landfall). For the selected case study, the astronomical tides flooding mechanisms
dominate the total water levels at the middle segment before it combines (i.e., the fully-coupling
technique) with the rainfall-runoff flooding mechanism, which controls the water levels at the
upper segment. Then, the total water levels at the middle segment are dominated by the rainfallrunoff flooding mechanism, with its maximum contribution occurring after the antecedent rainfall
event ends. As the peak storm surge approaches the middle segment, the total water levels at the
middle segment are influenced by both the storm surge and rainfall-runoff flooding mechanisms.
The inland penetration of the storm surge depends on several factors such as surface roughness,
bathymetry / topography, and astronomical tides, but in a compound inundation event, the
momentum of each flooding mechanism has to be considered. When the freshwater momentum is
greater than the seawater momentum, the rainfall-runoff attenuates the storm surge effects,
especially at farther inland locations. This momentum exchange is often neglected due to the lack
of a tightly- or fully-coupled approach between both flooding mechanisms (Bakhtyar et al., 2020;
Orton et al., 2018). Therefore, the velocity component of each flooding mechanism should be
considered in any compound inundation event using a tightly- or fully-coupled approach.
Compound inundation levels are affected by both the environmental forcing’s magnitude and
timing. At the coastal flood hazard zone, the magnitude of the storm surge flooding mechanisms
dominates the total water levels, being the only parameters contributing to the Severity Index.
Contrary, the magnitude of the rainfall-runoff flooding mechanisms dominates the total water
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levels at the hydrologic flood hazard zone, being 32 times more significant than the storm surge
flooding mechanisms. However, each flooding mechanism's contribution (e.g.., magnitude and
timing) to the total water levels at the transition flood hazard zone is more evenly distributed than
the other flood hazard zones. This behavior represents that the timing of each flooding mechanism
has a significant influence on the compound inundation levels, especially at the transition zone
(Hasan Tanim and Goharian, 2021; Hsiao et al., 2021). Therefore, the environmental forcings
timing and magnitude may serve as an indicator of the observed flooding mechanisms in a
compound inundation (Gori et al., 2020a). Furthermore, the proposed Severity Index can be used
as a faster alternative approach to identifying the compound flood hazard zone since it only
requires one-third of the total simulations (i.e., 1,000 out of 3,000 simulations) than the maximum
water level profile approach.
Overall, the timing of the coastal processes (i.e., storm surge and astronomical tides)
significantly impact the Severity Index and the compound inundation. For example, the time
between the peak storm surge and high astronomical tide levels can greatly affect the total water
levels due to its non-linearity, especially at the transition flood hazard zone (Hasan Tanim and
Goharian, 2021; Terry et al., 2021). If the astronomical tides flooding mechanisms are not
considered, the worst case (i.e., all input parameters are at their maximum value) simulation has a
lower Flood Rank (e.g., ̅̅̅
𝐹𝑅 = 0.87) than the one for Simulation 894 (e.g., ̅̅̅
𝐹𝑅 = 0.99) at the
transition flood hazard zone, despite having a higher Severity Index (e.g., 1 versus 0.94). This
behavior can be attribute to the significant importance (i.e., greatest weighting parameter of the
coastal processes at the transition zone) the timing of the coastal processes has in the compound
flood levels, especially at the transition flood hazard zone. The astronomical tides flooding
mechanism frequently influences the time to peak water levels for the storm surge only and

108

rainfall-runoff only scenario at the middle segment, having three different periods with the highest
relative probability of occurrence. Thus, the astronomical tides provide an important non-linear
contribution to the compound flood hazard and should be included as a flooding mechanism in any
compound inundation study.
In general, the total water levels throughout the lower segment are mainly driving by coastal
processes (i.e., coastal flood hazard zone), while at the upper segment are mainly driving by
hydrologic processes (i.e., hydrologic flood hazard zone). However, the total water levels at the
middle segment are influenced by both coastal and hydrologic processes (i.e., transition flood
hazard zone). In locations where the maximum water levels from both flooding mechanisms
coincide, the linear superposition of these individual flood levels overestimates the total water
level, leading to larger errors versus considering them in a coupled modeling approach (Huang et
al., 2021). Thus, the existence of a non-linear relationship between the astronomical tides, storm
surge, and rainfall-runoff is evident in a compound inundation event (Bilskie and Hagen, 2018;
Bilskie et al., 2021). In terms of relative probability, the coastal flood hazard zone is most likely
to end between 39.4 to 42.8 km, while the hydrologic flood zone is most likely to start between
77.8 to 83.5 km into the domain. Therefore, the transition flood hazard zone can span throughout
the three segments of the domain, covering the entire middle segment and up to 5 km of the upper
segment, and is where the most frequent time to peak water level occurs. Hence, the compounding
effects of multiple flood mechanisms should be considered when developing compound flood
hazard maps, especially in low-gradient coastal land-margin (Zhang and Najafi, 2020).
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3.6. Conclusion
This study presents a 1-D inundation model capable of assessing the physical interaction
between various flooding mechanisms (i.e., storm surge, rainfall-runoff, and astronomical tides)
through a fully-coupled approach. The modeling framework consists of three separate modules
(i.e., Coastal Hydraulics Module, Watershed Hydraulics Module, and Overland Hydraulics
Module), based on the same governing equations (i.e., shallow water equations). A single wetting
and drying algorithm was applied to all three modules to reduce numerical instabilities. The
different modules that compose this modeling framework, as well as the coupling technique
between them, were verified against analytical solutions and mass balance analysis. An idealized
coastal watershed transect was developed, based on observed data, to test numerous (e.g.,
thousands) combinations of the flooding mechanisms using a Monte Carlo Simulation at a low
computational coast. This modeling framework was used to create maximum water level profiles,
delineate compound flood hazard zones, and developed a Severity Index of the compound
inundation.
The velocity component of each flood mechanism can substantially impact the total water levels
by attenuating the storm surge inland penetration or exacerbating the rainfall-runoff inundation
due to backwater effects. This component should be considered in any compound flood study in
terms of discharge since it provides valuable insight into each flooding mechanisms’ flow
direction. Compound inundation levels are affected by the magnitude and timing of each flooding
mechanism, especially at the transition flood hazard zone, where both flooding mechanisms
influence the total water levels. The Severity Index can serve as an alternative approach to identify
the compound flood hazard and select the most critical combinations of flooding mechanisms at
different domain locations prior to executing any simulation. The proposed study may serve as an
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initial attempt to delineate compound flood hazard zones due to its low computational cost and
fast assembly. Therefore, researchers and engineers can identify the locations that require only a
single flooding mechanism (i.e., hydrologic or coastal) study to assess the flood hazard while
developing compound inundation models to assess the location where both flooding mechanisms
are important.
Some of the study’s limitations are based on natural processes that were neglected when
developing the proposed modeling framework. For example, some of the omitted hydrologic
processes were infiltration, percolation, evapotranspiration, interception, initial soil moisture, and
initial abstraction. These neglected components, if considered, will decrease the overland rainfallrunoff that will eventually interact with the seawater and increase the compound inundation;
however, for return period analyses such as conducted herein these could likely be included as
uncertainty terms. Similarly, some of the neglected coastal processes are momentum dispersion
and diffusion, baroclinic forcing, atmospheric pressure, Coriolis force, and wind stress applied at
the water surface. These omitted factors, in addition to the rainfall from the tropical cyclone, will
influence the water level at the lower segment and subsequently alter the compound flood hazard
zones. While both the hydrologic and coastal process limitations deserve further study, the latter
are likely to lead to more complicated non-linear interactions. Future endeavors may consider
addressing these limitations in addition to expanding this study into two dimensions, which can be
done by considering different approximations of the St. Venant equations to characterize the
different types of subsurface flow (i.e., overland flow, riverine flow, and shallow water flow).
Climate change and sea-level rise should also be incorporated into this modeling technique to
assess the migration of compound flood hazard zones over time. Regardless of these limitations,
this study confirms the need to use a tightly- or fully-coupled approach for a more holistic
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assessment of compound inundation in low-gradient coastal watersheds, improving the compound
flood hazards zone’s delineation. Thus, enhancing coastal resilience measures and supporting
authorities, stakeholders, and policy-makers in their quest to understand present and future
consequences, evaluate risk and ultimately mitigate compound flooding effects through science
and more informed engineering practices.
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Chapter 4. Classification of Coastal Land-Margin Based on Surface Flow
4.1. Introduction
A coastal land-margin is defined by five essential components: tidal hydrodynamics,
meteorological events, ecology, topography / bathymetry, and freshwater inputs. First, the
amplitude and period of the astronomical tides play an essential role in the landscape of a coastal
land-margin. For example, microtidal (i.e., tidal range less than 2 m) systems (Davis and Hayes,
1984) are more vulnerable to anthropogenic alternations such as the development of recreational
facilities and modifications to tidal inlets, especially at latitudinal zones with milder climate
(Cooper, 2019). Second, meteorological events (e.g., tropical cyclones, low-pressure systems, and
extratropical systems) can abruptly modify the coastal land-margin through various mechanisms,
such as wind-driven surge, pressure surge, and wind-driven waves. These mechanisms can produce
significant coastal erosion and inundate inland regions, especially in southeast Asia, Bangladesh,
China, the Philippines, the southeastern United States, the Caribbean, and northern Australia
(Gorintz, 2019), affecting the population and the habitat.
Third, the ecology of a coastal land-margin is the most vulnerable component of the system,
with endangerment of local marine habitats (e.g., coral reef and benthic regions) and vegetation
cover (e.g., marsh, seagrass, mangroves). For example, the shore might narrow, and marine
habitats might be lost due to “coastal squeezing”, which occurs when the anthropogenic changes
move further seaward, and at the same time, the influence of tidal levels are pushed further inland
due to sea-level rise (Davidson et al., 1991; Doody, 2019). Fourth, various factors (e.g., elevation,
length, geometry) of the topography (i.e., the land above sea) and bathymetry (i.e., the land below
the sea) influence the coastal land-margin description. For instance, the storm surge’s
hydrodynamic response (i.e., flood extent, inundation time, water levels, and wave height) is
113

strongly influenced by the geometry of the coastal land-margin and the coastal shelf slope (Resio
and Westerink, 2008). Finally, the freshwater inputs into the system, through seepage flow,
riverine flow, and surface runoff, can aid in classifying a coastal land-margin. Therefore, coastal
land-margin that receives freshwater input, especially by riverine flow, are categorized as estuaries
(Elliott and McLusky, 2002), while those that do not receive freshwater are labeled as linear shore
(Davidson et al., 1991). A summary of the components that describe a coastal land-margin is
illustrated in Figure 4.1.

Figure 4.1. Summary of the components that define a coastal land-margin.
Researchers have focused their efforts on defining and classifying worldwide estuaries
(Davidson et al., 1991; Dürr et al., 2011; Elliott and McLusky, 2002). The first definitions of an
114

estuary were based on biological-based salinity classification (Kinne, 1971), while others proposed
to include the geometry of the system and the mixing of freshwater and seawater as part of the
definition (Pritchard, 1967). Fairbridge (1980) emphasized the need to include the astronomic tide
component as a distinguishing feature to complete the estuary definition. Thus, the most
comprehensive definition of an estuary was given by Lincoln et al. (1982), which states that an
estuary is any semi-enclosed coastal region open to the sea that receives freshwater input to
produce a salinity gradient in an extensive area. Researchers have used circulation patterns (i.e.,
positive, neutral, and negative) of the estuary, the astronomical tidal amplitude, and the volume of
freshwater inflow to classify estuaries into different types such as fjord, coastal plain, linear shore,
barrier beach, and embayment (Davidson et al., 1991; Elliott and McLusky, 2002), while other
have used hydrological, lithological, and morphological criteria (Dürr et al., 2011).
The vast majority of the definitions and classifications of coastal land-margin in the literature
are orientated towards estuarine systems. These systems classify as a coastal land-margin, but not
all coastal land-margins can be classified as estuaries. In addition, any classification based on the
gradient (i.e., slope) of the coastal land-margin remains void. For example, researchers have
defined a “low-gradient” coastal land-margin as having a “relatively flat” topography but do not
specify the mildness of the slope (Kidwell et al., 2017). Therefore, there is a need for a broader
definition and classification of coastal land-margins that can be applied worldwide. This research
aims to develop a technique capable of defining and classifying a coastal land-margin based on
physically-based criteria to bridge the knowledge gap in the literature. The proposed technique is
based on surface flow hydrodynamics, neglecting any subsurface flow, salinity gradients, and
mixing of freshwater and seawater.

115

A one-dimensional (1-D) hydrodynamic model developed in Chapter 3 was used as the
modeling framework. This numerical model was used to quantifying the hydrodynamic response
of hundreds of different combinations of input parameters that define a coastal land-margin. The
varying input parameters (i.e., degrees of freedom) selected for this study were the astronomical
tides, storm surge, and the topography / bathymetry description. The hydrodynamic response was
summarized into two physics-based parameters (inundation and tidal prism) used to establish
guidelines for classifying coastal land-margins based on their gradient, such as low-, medium-,
and high-gradient.

4.2 Methods
4.2.1 Hydrodynamic Model
The hydrodynamic model used for this study is based on the 1-D depth-integrated continuity
and momentum equation for gradually varied unsteady flow (i.e., shallow water equations). This
modeling framework is capable of simulating compound flood events using a fully-coupled
approach. The algorithm can consider various flooding mechanisms simultaneously, such as
astronomical tides, storm surge, and rainfall-runoff. Therefore, this modeling framework is
suitable to perform hundreds of flood simulations due to its low computational cost.
The selected oceanic boundary condition is based on a sinusoidal function representing the
astronomical tide forcing through a constant amplitude and a diurnal tide behavior (i.e., a 24 hr
period). Also, any storm surge forcing is represented using an empirical equation developed by Xu
and Huang (2014) to represent a storm surge hydrograph of a category 3 hurricane at the Gulf of
Mexico. The numerical domain is based on a 1-D idealized transect that represents a coastal
watershed. This transect is divided into three homogenous segments (e.g., lower, middle, and
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upper) based on land cover / land use and abrupt changes in slope. Additional details from the 1D hydrodynamic model, such as the discretization technique, wetting and drying algorithm, and
coupling technique, can be found in Chapter 3.

4.2.2. Degrees of Freedom
Four degrees of freedom were selected as the varying inputs for the 1-D hydrodynamic model
to assess the different hydrodynamic behavior over the coastal land-margin. First, the astronomical
tide amplitude will vary from its base condition of 0.43 m, representing the average spring tide
amplitude at the Louisiana coastline. The selected tidal amplitudes were 0.11, 0.22, 0.86, and 1.29
m, representing a quarter, a half, double, and triple the base condition, respectively (Table 1).
These selected tidal amplitude values are classified as a microtidal regime, which can be found in
the Gulf of Mexico, the Caribbean Sea, the Sea of Japan (i.e., East Sea), the Mediterranean Sea,
the Red Sea, and portions of South America (e.g., Sao Paulo through Buenos Aires and Peru)
(Menéndez and Woodworth, 2010; Williams et al., 2019).
Second, the storm surge flooding mechanism is considered part of the surface flow used to
classify a coastal land-margin. The storm surge was varied in terms of the peak storm surge, while
the time of the peak storm remains constant, coinciding with the peak tide level. The peak storm
surge values selected were 0, 0.5, 1.0, and 1.5 m, where the base condition was a flooding scenario
that does not consider storm surge (i.e., peak storm surge = 0 m). These peak storm surge values
fall within the most frequent observed values worldwide. For example, the observed peak storm
surge values range from 0.6 to 1.6 m at 224 stations worldwide (Fang et al., 2014; Menéndez and
Woodworth, 2010).
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The third and fourth degrees of freedom tested are related to the topography / bathymetry
description of the coastal land-margin. The description of the coastal land-margin was based on
the idealized coastal watershed transect developed in Chapter 3, specifically section 3.2.1. This
transect consists of three homogenous segments (e.g., lower, middle, and upper). The middle
segment’s slope and elevation of the toe (i.e., the end of the middle segment closets to the lower
segment) were varied as degrees of freedom. The slope varied through different orders of
magnitude, ranging from the steepest at 0.125 m km-1 to the mildest at 0.0005 m km-1, with the
base condition as a slope of 0.005 m km-1 (Figure 4.2). However, the length of the middle segment
does not change, spanning 38 km of the domain. The lower segment extends through the first 40
km of the domain with a slope of 0.5 m km-1, while the upper segment covers the last 22 km of the
domain with a slope of 0.25 m km-1. Note that the lower and upper segments’ slopes are the same
for each transect.

Figure 4.2. Idealized coastal land-margin transects selected for this study. Each color line
represents a different middle segment slope.
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In addition, the toe elevation was increased from its base condition of 0 m to a maximum of
0.3 m, in increments of 0.1 m. Note that when increasing the toe elevation, the entire middle
segment is raised by that same increment, whereby preserving the slope. Thus, if the heel (i.e., the
middle segment closets to the upper segment) elevation is 0.19 m for the base condition and the
toe elevation increases by 0.2 m, then the heel elevation will be 0.39 m. The complete set of values
for each degree of freedom is summarized in Table 4.1.

Table 4.1. Summary of the degrees of freedom selected for this study.
Parameter
Value
Tide Amplitude (m)
0.11
0.22
0.86
1.29
0.43
Peak Storm Surge (m)
0.5
1
1.5
0
a
-1
Slope (m km )
0.125
0.05
0.01
0.0005
0.005
a
Toe Elevation (m)
0.1
0.2
0.3
0
Bold values represent the base conditions
a
Referring to the middle segment of the idealized transect

4.2.3. Physics-Based Parameters
Three outputs from the hydrodynamic simulations were used as the basis for developing the
physics-based criteria for classifying coastal land-margin. These outputs were the water surface
deviation from the datum, the water velocity, and the inland flood penetration. The first two outputs
are combined to obtain a volume of water using the following equation, Eq. (4.1):
𝑉 = 𝑈 𝐻 ∆𝑡

(4.1)

where H=ƞ-h represents the total water depth, ƞ represents the free surface deviation, h
represents the bottom depth, 𝑉 represents the volume of water per unit of width, U represents the
depth-averaged water velocity, and ∆𝑡 represents the computational time step. Note that the outputs
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from the hydrodynamic model (i.e., U and ƞ) are given at each numerical node for each time step.
Thus, the computed volume of water varies spatially and temporally.
The volume of water is used to compute the tidal prism for hydrodynamic simulation. Tidal
prism is the amount of water that flows into and out of a coastal land-margin with the flood (i.e.,
moves inland) and ebb (i.e., moves seaward) of the astronomic tides (Hume, 2019). Most
researchers have proposed equations to compute the tidal prism based on the estuary / bay inlet
cross-section (D’Alpaos et al., 2010; Stive et al., 2009), while others have focused on the amount
of freshwater that is mixed with seawater (Luketina, 1998; Sheldon and Alber, 2006). However,
this study cannot utilize these equations since our coastal land-margin is based on a 1-D transect
and does not consider riverine inflow. Therefore, the following equation was adapted from (Zhang
et al., 2016) to compute the tidal prism for a 1-D coastal land margin, Eq. (4.2):
𝑇𝑝 𝑖 =

∑𝑇𝑘=1|𝑉 𝑖 |
∅

(4.2)

where 𝑇𝑝 represents the tidal prism per unit width, ∅ represents the amount of ebb and flood
cycles within the selected period, and the superscript 𝑖 represents the numerical node index. Note
that the volume of water is evaluated using absolute value since when the tides ebb, the water
velocity is negative. Also, the tidal prism computed using Eq. (4.2) varies spatially within the
domain.
To quantify the inland penetration of the hydrodynamic response, a flooded region (𝐹𝑅 )
parameter was estimated using Eq. (4.3). This equation is based on the percent of the middle
segment inundated during the selected period.
𝐹𝑟 =

𝐿𝐹 − 𝐿𝑇
𝐿𝐻 − 𝐿𝑇

120

(4.3)

where 𝐿𝐹 represents the location of the farthest inland node wetted by tides, 𝐿 𝑇 represents the
location of the middle segment toe, and 𝐿𝐻 represents the location of the middle segment heel.
Lastly, the tidal depth (𝑇𝑑 ) parameter was computed using Eq. (4.4) to quantify the inundation
depth above land. This equation is based on the total amount of tidal prism at the land region (i.e.,
middle and upper segment) normalized by the length of the flooded region (i.e., the numerator of
Eq. 4.3).
𝑇𝑑 =

𝑖
∑𝑁
𝑖=1 𝑇𝑝

𝐿𝐹 − 𝐿𝑇

(4.4)

4.2.4. Classification Criteria
The criteria of flood extent and inundation depth are used for classifying coastal land-margins
into low-, medium-, and high-gradient. In terms of the flood extent criterion, if the flooded region
(𝐹𝑅 ) is greater than 75%, the coastal land-margin is classified as low-gradient. In other words, if
the hydrodynamic response inundates more than 75% of the middle segment throughout the entire
period selected, then the coastal land-margin is classified as low-gradient. Conversely, if the 𝐹𝑅
value is less than 25%, then the coastal land-margin is classified as high-gradient, while any 𝐹𝑅
values between these thresholds classifies the system as medium-gradient.
In terms of the inundation depth, two elevation parameters are used as thresholds for the
inundation depth criterion. These parameters are the tidal amplitude (𝐴) and the middle segment
heel elevation (𝐸𝐻 ), thereby considering both the model forcing and the domain elevation. If the
tidal depth (𝑇𝑑 ) is greater than 50% of the summation of the heel elevation and the tidal amplitude
(i.e., 𝑇𝑑 ≥ 1.5 [𝐴 + 𝐸𝐻 ]), then the coastal land-margin is classified as low-gradient. Contrary, if
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the 𝑇𝑑 value is less than 50% of the summation of the heel elevation and the tidal amplitude (i.e.,
𝑇𝑑 ≤ 0.5 [𝐴 + 𝐸𝐻 ]), then the coastal land-margin is classified as high-gradient. Any 𝑇𝑑 value
between these thresholds classifies the system as medium-gradient.
In order to have a single criterion for classifying a coastal land-margin, both criteria of flood
extent and inundation depth are combined into a single criterion. For example, if both criteria yield
the same classification, then the combined classification is the same as any of the two criteria.
However, if both criteria yield a different classification, priority is given to the flood extent
criterion when determining the combined classification. For example, if the flood extent criterion
yields a low-gradient classification but the inundation depth yields a medium-gradient, then the
combined classification is a low-gradient. An exception to this rule is if the flood extent criterion
yields a low-gradient classification, but the inundation depth yields a high-gradient, then the
combined classification is a medium-gradient.

4.2.5. Model Setup
The model domain is discretized into elements with a uniform size of 200 m. The computational
time step was selected as 10 sec to maintain a Courant-Friedrichs-Lewy (CFL) condition of 0.7,
which falls within the recommended range to avoid numerical instabilities (Mahgerefteh et al.,
2009). Manning’s roughness coefficients are assigned as 0.02, 0.03, and 0.04 for the lower,
middle, and upper segments, respectively. These values represent different land use / land cover
that might characterize each segment. For example, the lower segment is entirely underwater, so
its Manning’s roughness coefficient refers to open water conditions. Other parameters such as time
weighting factors, G- parameter, and the wetting and drying thresholds are adapted from Chapter
3.
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A 30-day simulation is performed for each combination of the degrees of freedom selected since
the hydrodynamic model is initiated from a cold start. This extensive simulation period allows the
astronomic tides to reach a dynamic equilibrium before performing any volume computations or
adding the storm surge component. Hence, the tidal prism is computed over only the last four tidal
cycles (i.e., day 26th through 30th of the simulation). A total of 400 simulations were performed to
assess the variations in the degrees of freedom selected. These simulations had the same model
parameters previously described.

4.3. Results and Discussion
4.3.1. Hydrodynamic Response
The hydrodynamic response to the variations in the degrees of freedom is assessed to identify
patterns and establish correlations. First, the middle segment’s slope is set as the degree of freedom
to evaluate the impact of this parameter on the hydrodynamic response in a coastal land-margin.
As the middle segment’s slope decreases, the tidal prism increases, especially inland (Figure 4.3A).
However, the average tidal prism remains relatively (i.e., 0.04 × 106 m2) constant when the slope
changes. This behavior suggests that, on average, the changes to the middle segment’s slope do
not significantly alter the total tidal prism at the coastal land-margin (Table 4.2). Conversely, the
average flooded region increases with decreasing slope since the seawater penetrating inland
encounters lesser gravitational forces at milder slopes than steeper ones. In terms of the average
tidal depth, as the slope increases, the tidal depth decreases until it reaches its minimum at a slope
of 0.01 m km-1, then the tidal depth increases as the slope decreases. This behavior represents that
the slope of 0.01 m km-1 is an inflection point with the average tidal depth parameter. In general,
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the middle segment’s slope is inversely proportional to the tidal prism and the flooded region. This
relationship has also been proved by other researchers (Langbein, 1963).
Second, the astronomic tidal amplitude is set as the degree of freedom to evaluate the impact
of this parameter on the hydrodynamic response in a coastal land-margin. As the tidal amplitude
increases, the tidal prism increases at every location of the domain (Figure 4.3B). The average
tidal prism increases proportionally with the increases in the tidal amplitude (Table 4.2). For
example, if the tidal amplitude doubles its value from its base condition (i.e., 0.86 m of tidal
amplitude), the average tidal prism increases by 1.9 times its value for the base condition.
Likewise, the average flooded region increases with increasing tidal amplitude since the seawater
has a greater momentum to penetrate further inland. In terms of the average tidal depth, as the tidal
amplitude increases, the tidal depth increases nonlinearly. For example, when the tidal amplitude
is three times the base condition (i.e., 1.29 m of tidal amplitude), the tidal depth increases 5.3 times
more than its value for the base condition. In general, the tidal amplitude is directly proportional
to the tidal prism and the flood region, which has been proven by King et al. (2010)in terms of
sub-surface flow in coastal land-margins.
Third, the middle segment’s toe elevation is set as the degree of freedom to evaluate the impact
of this parameter on the hydrodynamic response in a coastal land-margin. As the middle segment’s
toe elevation increases, the tidal prism decreases, especially inland (Figure 4.3C). Similarly, the
average flooded region decreases with increasing toe elevation since the surface flow encounters
greater resistance as the toe elevation increases. In terms of the average tidal depth, as the toe
elevation increases, the tidal depth decreases at the highest rate (e.g., 20% decrease per increase in
toe elevation) compared to the other parameters (i.e., tidal prism and flooded region). In general,
the middle segment’s toe elevation is inversely proportional to the tidal prism and the flood region.
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Lastly, the peak storm surge is set as the degree of freedom to evaluate the impact of this
parameter on the hydrodynamic response in a coastal land-margin. As the storm surge increases,
the tidal prism increases at every location of the domain (Figure 4.3D). Similarly, the average tidal
prism increases as the storm surge increase at a relatively steady rate (e.g., 25% increase per
increase in storm surge) (Table 4.2). For example, if the storm surge increases by 0.5 m, the
average tidal prism increases by 25%. Likewise, the average flooded region increases with
increasing storm surge since the seawater has a greater momentum to penetrate further inland. In
terms of the average tidal depth, as the storm surge increases, the tidal depth increases at the highest
rate (e.g., 66% increase per increase in storm surge) compared to the other parameters (i.e., tidal
prism and flooded region). In general, the storm surge is directly proportional to the tidal prism
and the flood region. A similar relationship has been demonstrated by Picado et al. (2013) at a tidal
lagoon in Portugal.
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Figure 4.3. Tidal prism computed using the base conditions of the parameter for the different
degrees of freedom. The different panels represents simulations that have only one degree of
freedom varying, while the others remain constant at the base condition.

126

Table 4.2. Summary of the flooded region, tidal prism and tidal depth for all simulations averaged
for equal degrees of freedom.
Degree of Freedom
Value
𝑇𝑑 (m)
𝑭𝒓 (%) ∑ 𝑻𝒑 𝒊 (106 m2)
0.0005
89
5.87
4.46
0.0050
80
5.85
4.16
Slope
0.0100
70
5.85
3.85
(m km-1)
0.0500
34
5.83
4.64
0.1250
21
5.83
4.0
0.11
38
1.64
1.05
0.22
44
2.54
1.30
Tidal Amplitude
0.43
57
4.43
2.13
(m)
0.86
74
8.30
5.40
1.29
81
12.3
11.2
0.0
66
5.96
5.55
0.1
60
5.87
4.55
Toe Elevation
(m)
0.2
56
5.80
3.73
0.3
52
5.74
3.04
0.0
51
4.94
2.74
0.5
53
5.50
3.05
Peak Storm Surge
(m)
1.0
66
6.12
4.71
1.5
77
6.81
7.06
Reported values correspond to the average amount based on the simulations with an
equal degree of freedom (i.e., the average is computed for 80 to 100 simulations with
the same value of the degree of freedom).
𝑭𝒓 = flooded region; 𝑇𝑝 = tidal prism; 𝑇𝑑 = tidal depth

4.3.2. Classification of Coastal Land-Margin
The merged criteria are used to classify the different coastal land-margins based on the
hydrodynamic response of the surface flows considered (i.e., astronomical tides and storm surge).
The coastal land-margins are classified into three categories based on their gradient using physicsbased parameters: low, medium, and high. These classifications are illustrated as a threedimensional matrix based on the degrees of freedom of tidal amplitude, toe elevation, and slope,
which readily measureable factors of any coastal land-margin (Figures 4.4 to 4.7). Each dot in the
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matrices represents a unique simulation from the respective combination of the degrees of
freedom.
For a coastal land-margin that does not receive any storm surge, the majority (i.e., 56%) of the
simulations are classified as a high-gradient, followed by low-gradient with 30% and mediumgradient with 14% of the total simulations (Figure 4.4). As the tidal amplitude increases, there is a
more significant (e.g., 55 - 75% for amplitudes greater than the base condition) relative probability
that the hydrodynamic response yields a low-gradient coastal land-margin, especially for milder
(e.g., less than 0.01 m km-1) slopes and lower (e.g., less than 0.1 m) toe elevation. Contrary, as the
slope increases, there is a greater (e.g., 70 - 95% for slopes greater than 0.01 m km-1) relative
probability that the hydrodynamic response yields a high-gradient coastal land-margin, especially
for lesser (e.g., less than 0.43 m) tidal amplitudes and higher (e.g., greater than 0.2 m) toe
elevations. In terms of the middle segment’s toe elevation, if the toe elevation increases just by 0.1
m from its base condition (i.e., an elevation of 0 m), the majority of the simulations are classified
as a high-gradient coastal land-margin. This behavior represents that the middle segment’s toe
elevation significantly influences classifying a coastal land-margin as high-gradient relative to the
other parameters.
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Figure 4.4. Classification of a coastal land-margin without storm surge conditions using the
combined physics-based criteria. Each dot represents a different simulation from the combination
of the tidal amplitude and the middle segment’s slope and toe elevation. Each color represents a
different classification regarding its gradient.
For a coastal land-margin that receives a peak storm surge of 0.5 m, there is a more even
distribution among the classifications, with 38, 33, and 29% for the low-, medium-, and highgradient classifications, respectively (Figure 4.5). An increase of 0.5 m in the storm surge results
in a 20% increase, on average, in the number of simulations classified as medium-gradient for
simulations with the same tidal amplitude. Likewise, this behavior occurs for simulations with the
same middle segment slope. This behavior represents that most of the simulations that were
classified as high-gradient have switched to medium-gradient, since the storm surge is able to
inundate coastal land-margins that have steeper and higher middle segments. As expected, adding
the storm surge component increases the inundation depth and the flood region, thus increasing
the amount of simulation classified as low- and medium-gradient.
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Figure 4.5. Classification of a coastal land-margin with a 0.5 m of peak storm surge using the
combined physics-based criteria. Each dot represents a different simulation from the combination
of the tidal amplitude and the middle segment’s slope and toe elevation. Each color represents a
different classification regarding its gradient.
For a coastal land-margin that receives a peak storm surge of 1.0 m, the majority (i.e., 58%) of
the simulations are classified as a low-gradient, followed by medium-gradient with 30% and highgradient with 12% of the total simulations (Figure 4.6). An increase of 1.0 m in the storm surge
results in a 42% increase, on average, in the number of simulations classified as low-gradient for
simulations with the same tidal amplitude, especially for tidal amplitudes less than the base
condition (e.g., 0.43 m). In terms of the middle segment’s slope, simulations with a slope milder
than 0.005 m km-1 are very (i.e., at least 90%) probable to be classified as low-gradient under a 1.0
m storm surge. Also, the number of simulations classified as low-gradient increased 43%, on
average, for slopes milder than 0.01 m km-1 compared to the no storm surge scenario. Likewise,
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but to a lesser degree, the simulations classified as low-gradient increased when a 1.0 m storm
surge is considered for simulations with equal toe elevation.

Figure 4.6. Classification of a coastal land-margin with a 1.0 m of peak storm surge using the
combined physics-based criteria. Each dot represents a different simulation from the combination
of the tidal amplitude and the middle segment’s slope and toe elevation. Each color represents a
different classification regarding its gradient.
For a coastal land-margin that receives a peak storm surge of 1.5 m, the majority (i.e., 69%) of
the simulations are classified as low-gradient, followed by medium-gradient with 29% and highgradient with 2% of the total simulations (Figure 4.7). These two simulations that are classified as
high-gradient occurs for the steepest slope and the smallest tidal amplitude. An increase of 1.5 m
in the storm surge results in a 55% increase, on average, in the number of simulations classified as
low-gradient for simulations with the same tidal amplitude, especially for tidal amplitudes less
than the base condition (e.g., 0.43 m). Similarly, the number of simulations classified as lowgradient increased 55%, on average, for slopes milder than 0.01 m km-1 compared to the no storm
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surge scenario. The same behavior can be identified for the simulations with equal toe elevation
but to a lesser degree (e.g., 39% increase).

Figure 4.7. Classification of a coastal land-margin with a 1.5 m of peak storm surge using the
combined physics-based criteria. Each dot represents a different simulation from the combination
of the tidal amplitude and the middle segment’s slope and toe elevation. Each color represents a
different classification regarding its gradient.
Overall, a coastal land-margin with a middle segment slope of 0.0005 m km-1 has the greatest
probability of being classified as low-gradient under the various surface flow (e.g., astronomic
tides and storm surge) and transect profiles considered (Figure 4.8). Also, coastal land-margins
with slopes between 0.005 and 0.01 m km-1 have a high (e.g., greater than 60%) relative probability
of being classified as low-gradient. On the other hand, coastal land-margins with a slope of 0.05
m km-1 are more likely (i.e., 48%) to be classified as medium-gradient, while ones with a slope of
0.125 m km-1 are likely (i.e., 60%) to be high-gradient.
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Figure 4.8. Relative probability of each classification of a coastal land-margin based on the
middle segment slope for all the surface flows considered (e.g., storm surge and astronomic tide).
In summary, coastal land-margins with slopes equal or milder than 0.01 m km-1 can be classified
as low-gradient. This finding agrees with other studies published in the literature. For example,
Smith and Mather (2013) classified a coastal river in Massachusetts, US, with a slope of 0.6 m
km-1 as low-gradient. Also, the Northeast Aquatic Habitat Classification System (NAHCS)
establish on their river classification framework that river slopes, including coastal rivers, less than
0.2 m km-1 are classified as low-gradient. Note that the slope values reported in the literature as
low-gradient are an order of magnitude greater than the base value of 0.01 m km-1 selected by this
study. This disparity can be attributed to the fact the published studies consider coastal rivers,
which tend to have steeper slopes than the coastal floodplain selected by this study as a
representation of the coastal land-margin.
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4.4. Conclusion
This study presents a procedure to classify coastal land-margins based on surface flow. The
proposed procedure classifies a coastal land-margin as low-, medium-, or high-gradient using
physics-based parameters. A 1-D hydrodynamic model, based on the shallow water equations, is
used to describe the hydrodynamic response of the surface flows of astronomical tides and storm
surge. The astronomical tide amplitude, peak storm surge, and the middles segment’s slope and
toe elevation are used as degrees of freedom for the modeling framework. The gradient
classification is based on the inland flood extent and the inundation depth above land, thus
considering both spatial dimensions (e.g., horizontal and vertical). A total of 400 simulations are
performed, with the tidal prism and inland flood extent computed for the last four tidal cycles of
the simulation (i.e., day 26 through 30).
The hydrodynamic response from the different combinations of input parameters is summarized
into relationships with the physics-based parameters. First, the topography / bathymetry (e.g., slope
and elevation) of the coastal land-margin is inversely proportional to the hydrodynamic response
of the inundation. For example, if the middle segment’s slope or toe elevation decrease, the tidal
prism and the inland flood penetration increase. Second, the flooding mechanisms (i.e., storm
surge and astronomical tides) are directly proportional to the hydrodynamic response of the
inundation. For example, if the storm surge or astronomical tide amplitude increases, the tidal
prism and the inland flood penetration increase.
Findings from the classification of coastal land-margins, suggest that slopes less than 0.01 m
km-1 are classified as low-gradient under most of the flooding scenarios. Contrary, coastal landmargins with slopes greater than 0.125 m km-1 are classified as high-gradient. Thus, coastal landmargins with slopes between 0.01 and 0.125 m km-1 are likely to be classified as medium-gradient.
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The findings from this classification system may be expanded throughout the globe to classify the
coastal land-margins prone to natural hazards, such as tropical cyclones, extreme rainfall events,
and tsunamis.
Future researchers can build upon this work to improve the classification of coastal landmargins by expanding its definitions to include additional factors. For example, rainfall-runoff and
riverine flow can be added to hydrodynamic simulation to consider the coastal land-margins
systems classified as estuaries. This inclusion of freshwater might be done at a local scale since
worldwide precipitation patterns are limited to monthly and yearly time scales and not daily. Also,
different tidal regimes can be included in the analysis, such as mesotidal (i.e., tidal range between
2 to 4 m) since they occur in regions that are prone to natural hazards, such as the Bay of Bengal,
the Australian coastline, and the Philippine Sea (Davis and Hayes, 1984; Williams et al., 2019).
Finally, greater storm surge conditions should be evaluated to investigate the impact of extreme
tropical cyclones, such as Hurricane Katrina (2005) in the Gulf of Mexico with 5 m or 6.6 m due
to a 1970 storm in the Bay of Bengal, to the classification of the coastal-land margins (Fritz et al.,
2007; Murty et al., 1986). A worldwide classification of coastal land-margins may help authorities,
policy-makers, and professionals identify the more vulnerable regions to natural hazards such as
those classified as low-gradient. Therefore, coastal resiliency measures can be employed more
efficiently at the locations where they are needed the most.
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Chapter 5. An Examination of Compound Flood Hazard Zones for Past,
Present and Future Low-gradient Coastal Land-margins
5.1. Introduction
The origins of the Mississippi River Delta Plain (MRDP) can be traced to the end of the last ice
age (i.e., approximately 22,000 years before the present time) when glacial melt increased
sediments deposited in coastal Louisiana (Keddy et al., 2007). Before major western settlement,
the Mississippi River brought sediment-rich water to its deltaic plain during high flow events,
maintaining its ecosystem and transforming marsh regions into swamps. Conversely, during low
flow events, the river meandered and cut terraces, which transformed swamps into open marsh
(Keddy et al., 2007). During the 1930s, multiple levees were constructed throughout the MRDP.
While these levee systems protected communities from high flood events, they also hydraulically
disconnected the river from its deltaic plain. These river management actions reduced the inputs
of riverine freshwater, sediment, and nutrients, which initiated the environmental downfall of the
MRDP. The compaction due to subsurface mining (i.e., hydrocarbon and groundwater) and
eustatic sea-level rise (SLR) exacerbate the environmental issues of the MRDP (Batker et al., 2010;
Blum and Roberts, 2009; Syvitski et al., 2009). Saltwater intrusion, longer-duration flooding, lack
of recruitment in cypress wetlands, reduced accretion rates, subsidence, and diminished wetland
productivity, including marsh collapse (Hiatt et al., 2019), are some complications to the resilience
of the coupled natural and human system facing the sediment-starved MRDP. Over the last
century, the MRDP has lost about 5,000 km2 of coastal Louisiana wetlands, including
submergence of most barrier islands (Batker et al., 2010; Hiatt et al., 2019; Nienhuis et al., 2017).
The dynamic behavior of the MRDP represents a constant challenge when it comes to
quantifying and forecasting long-term flood hazards within the coastal land-margin. Siverd et al.
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(2018) developed a procedure to represent various eras of Louisiana’s coastal landscape via landto-water isopleths. The land-to-water isopleths were used to classify three general landscape
regions: submerged (i.e., open water to wetland), intermediate (i.e., wetland), and high (i.e., high
wetland). Siverd et al. (2019b) used the land-to-water isopleths technique to develop simplified
coastal landscapes for storm surge modeling that represented historical conditions (e.g., c. 1850,
1890, 1930, 1970, 1990, and 2010) and future projections (e.g., c. 2030, 2050, 2070, 2090, and
2110) of the MRDP. Their research found that local land and river management practices that
starved the MRDP from critical sediment sources led to accelerated relative SLR that exacerbated
coastal surge flood characteristics for the near-term historical and impending future conditions of
the Louisiana coastal land-margin. Therefore, the rural and inland coastal communities across this
low-gradient deltaic system likely face substantial challenges (e.g., emigration, property damage,
increased pressure on built infrastructure, and loss of life) in the near-term future.
Many researchers have performed flood hazard assessments for future climate projections using
general circulation models (Bates et al., 2021; Doroszkiewicz et al., 2018; Perera et al., 2017;
Rojas et al., 2012; Sajjad et al., 2020; Shrestha and Lohpaisankrit, 2017; Vousdoukas et al., 2018;
Winsemius et al., 2016). Other studies used alteration of the landscape, such as land use / land
cover and topography and bathymetric elevations, to assess future and historical conditions
(Bilskie et al., 2019a, 2016b, 2014; Machado et al., 2015; Passeri et al., 2018, 2015a; Siverd et al.,
2020, 2019a, 2019b). Missing from the assessments to-date is the consideration of compound
flooding from rainfall-runoff and coastal surges, except for Bates et al. (2021), which assesses the
compound flood hazard for future projections of 2035 and 2050.
When two or more flooding mechanisms occur in close succession or simultaneously, the event
is known as a compound flood (Santiago-Collazo et al., 2019), (Chapter 2). Flood inundation maps
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produced from a compound flood study can delineate flood hazard zones due to rainfall-runoff,
storm surge, and their combination (Bilskie et al., 2021). However, simulating compound flooding
presents several challenges that extend from computational modeling and the prerequisite
environmental drivers. Therefore, there is a need for additional research on compound flood hazard
modeling, especially for varying temporal conditions.
The present study’s objective is to demonstrate a flood hazard assessment with compound
modeling of rainfall-runoff and storm surge that spans across the dimensions of annual exceedance
probability and historical/future eras (mean sea level and coastal landscape features). This research
effort entails a detailed flood hazard assessment that encompasses multiple drivers of compound
flooding. The methods presented by Bilskie et al. (2021) were adopted to delineate compound
flood hazard zones in two Louisiana coastal watersheds: Barataria and Lake Maurepas. The
methods are described next, including the selected hydrodynamic model, the model inputs and the
technique for delineating the compound flood hazard zone. The compound flood hazard zones are
based on the flooding mechanisms that dominated the region, which are divided into hydrologic,
coastal, and transition hazard zone. To assess the evolution of the compound flood hazard zones,
the coastal landscapes (e.g., c. 1890-2090) developed by Siverd et al. (2019b) are used in the
compound flood modeling framework of Bilskie et al. (2021). The spatial extent and rate of change
in the coverage area of each compound flood hazard zones are quantified for each coastal landmargin condition, from which the evolution of the compound flood hazard zones are evaluated.
Finally, the isolated influence of the eustatic component of SLR in the compound flood hazard
zones is assessed to determine the effects of historical versus current conditions of the coastal landmargin.

138

5.2. Methods
5.2.1. Study Area
The study area consists of two distinct coastal watersheds within southeastern Louisiana: the
Barataria watershed and the Lake Maurepas watershed. The Barataria watershed is enclosed by
the Mississippi River and Bayou Lafourche and drains into the northern Gulf of Mexico (Figure
5.1A). The watershed catchment size is approximately 7,000 km2 with elevations ranging from 28 m (i.e., bathymetric depth) to 40 m (i.e., topographic elevation) NAVD88. The watershed’s
perimeter consists of natural ridges and levees, while the watershed interior holds forested
wetlands, lakes, marshes, and estuaries. More specifically, most of the land use/land cover at this
watershed consists of palustrine wetland with 28%, followed by estuarine wetland with 16%,
cultivated area with 7%, and developed area with 5% (NOAA, 2016). The only freshwater input
to this watershed is rainfall since Bayou Lafourche was hydraulically disconnected from the
Mississippi River in 1900, and the Mississippi River continuous levees system, built in the 1930’s
decade, prevents riverine water input into the watershed (Day et al., 2021). Therefore, the lack of
sediment and nutrients, in addition to SLR and subsidence, increased the wetland loss within the
watershed, with rates of 28 km2yr-1 from 1978 to 1990 (Barras et al., 1994). Future scenarios
without any protective measurements project that this watershed may convert one-fifth of its
wetlands to open water by 2045, where 65% of this wetland loss would occur in the southern half
of the basin (CWPPRA, 1995).
The Lake Maurepas watershed extends from southwestern Mississippi to Lake Maurepas and
includes Baton Rouge, which drains through the Amite and Comite rivers. This watershed drains
to Lake Maurepas, which flows through Lake Pontchartrain, then Lake Borgne, and finally reaches
the Gulf of Mexico. The watershed catchment size is approximately 14,455 km2, with elevations
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ranging from 152 to -18 m NAVD88. The portions of this watershed that were considered for this
study were south of Interstate 10 (i.e., between Hammond and Baton Rouge) due to the
hydrodynamic model’s northern boundary (Figure 5.1B). This area encompasses 3,360 km2,
representing 27% of the total watershed area, with a maximum elevation of 34 m NAVD88. The
principal land use / land cover at this region consists of palustrine wetland (south region) with
48%, developed area (northwest region) with 13%, and evergreen forest (north region) with 8%
(NOAA, 2016).
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Figure 5.1. Location of the study area within southeastern Louisiana. Topographic and bathymetric
elevations (m,NAVD88) are shown for the (A) Barataria watershed and the (B) Lake Maurepas
watershed. Service Layer Credits: Esri, Maxar, GeoEye, Earthstart Geographics, CNES/Airbus
DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community.
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5.2.2. Hydrodynamic Model
The hydrodynamic model used to perform the computations was the ADvanced CIRCulation
(ADCIRC) model. The model solves the generalized wave-continuity equation, a form of the
depth-integrated shallow water equation, for water surface elevation and velocity at every node of
an unstructured finite element mesh (Luettich et al., 1992). The simulations performed had the
following specifications: one second time step, wetting and drying activated with a 5 cm threshold,
the baroclinic and advection terms not activated, and a spatially-constant horizontal eddy viscosity
equal to 50 m2/s (Bilskie et al., 2021). Bilskie et al. (2021) developed a rain-on-mesh module
within the ADCIRC model source code to account for rainfall-runoff. This module applied rainfall
over individual mesh nodes and elements depending on their current wet/dry status. For example,
nodes classified as wet received the total amount of rainfall corresponding to a time step increment,
which is then added to the current water surface elevation at that node. Meanwhile, for dry nodes,
rainfall is only accounted at a mesh node after its accumulation surpasses a specific threshold (i.e.,
50 mm), which then changes the node status from dry to wet. When all three nodes from an element
have changed their status from dry to wet, then the element itself is considered wet, and the rainfall
is accounted in the computations. If multiple rainfall events are being considered simultaneously,
the rain-on-mesh module selects the maximum rainfall intensity occurring at each mesh node for
each time step.
The unstructured meshes used to represent the historical conditions and future projections of
the coastal-land margin were adopted from the Siverd et al. (2019b) study. These unstructured
meshes span from the western North Atlantic Ocean (i.e., westward the 60 degrees longitude) and
contain 1,478,916 vertices and 2,921,898 elements. The mesh resolution is highest at the Louisiana
coastline (e.g., tens to hundreds of meters) and lesser elsewhere (e.g., kilometers to tens of
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kilometers). Nodal elevations varied according to the zone classification of each mesh. This zone
classification was based on the land-to-water isopleths derived from Siverd et al. (2018). The zones
classified as high, intermediate, and submersed had elevations (NAVD88) of 0.47 m, 0.27 m, and
-0.98 m, respectively. Similarly, the Manning’s n bottom roughness values for the high,
intermediate, and submersed zone were 0.070, 0.045, and 0.025, respectively. Each unstructured
mesh had an initial Gulf of Mexico water level specified for the hydrodynamic model (Figure 5.2).
They represented the initial conditions of the model simulations due to observed historical eustatic
SLR measurements and a conservative future eustatic SLR scenario (i.e., Intermediate-Low
scenario from Sweet et al., 2007). More details on the hydrodynamic model and the unstructured
meshes can be found at Bilskie et al. (2021) and Siverd et al. (2019b), respectively.

Figure 5.2. Gulf of Mexico initial water levels for each era used to represent the initial conditions
of the hydrodynamic model simulation based on observed historical measurements and a
conservative future scenario (i.e., Intermediate-Low scenario from Sweet et al., 2007) of eustatic
sea level rise. The dots represents the eras analyzed for the study (Adapted from Siverd et al.,
2019b).
The historical conditions analyzed for this study were circa 1890, 1930, 1970, and 2010. The
2010 condition is considered the base condition since it is the current time’s nearest representation
(i.e., 2021). The coastal land-margin representation of the circa 1850 conditions was not selected
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since, according to Siverd et al. (2019b), the storm surge differences between 1850 and 1890
conditions were minimal. The selected future conditions were circa 2050 and 2090 to keep a
consistent 40-yr interval between each era, as with the historical conditions selected. Therefore,
six different coastal land-margin configurations, represented as unstructured meshes, were
evaluated under various compound flood events to assess the flood hazard zone’s migration over
time.

5.2.3. Compound Flood Model Inputs Used to Generate Flood Hazard Zones
The compound flood event evaluated in this study consisted of two flooding mechanisms:
rainfall-runoff and storm surge. This compound flood event consists of two separate events that
occur in close succession: an antecedent rainfall event and a tropical cyclone event. First, an
antecedent rainfall event floods the area of study with rainfall-runoff. This event can occur due to
intense and prolonged rainfall events brought by low-pressure areas that move from west to east
within the mainland or warm fronts that bring moisture from the Gulf of Mexico into the mainland.
This antecedent rainfall event is a flood event independent from any tropical cyclone event and
occurs before the tropical cyclone’s landfall. The antecedent rainfall event characteristics (i.e.,
rainfall accumulation and temporal and spatial distribution) were obtained from seven observed
rain gauge data within the study area and occurred within three days before a tropical cyclone
landfall (see location in Figure 1A on Bilskie et al., 2021). Six of these rain gauges reported hourly
rainfall, while one reported daily rainfall totals. After excluding the tropical cyclones with a central
pressure higher than 990 mb, 21 storms were considered for this analysis, ranging from 1948 to
2019. The complete list of the selected tropical cyclones is found at Bislkie et al. (2021).
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Second, the tropical cyclone characteristics (i.e., central pressure, forward speed, radius, and
wind speed) were derived from a small set of synthetic storms (i.e., tropical cyclones) extracted
from the FEMA storm suite (FEMA and USACE, 2008) at each watershed. These synthetic storms
were selected based on the flood water level produced by them, targeting different annual
exceedance probability (AEP) floods (i.e., return periods) published by FEMA (Bilskie et al.,
2021). The 10%, 2%, and 1% AEP flood levels are considered and referred to herein as low,
medium, and high flood events, respectively. For example, a synthetic storm that produced
inundation levels within the study area, similar to the 2% AEP (i.e., 50-yr return period) flood
water levels, was labeled as a medium flood event. This set of synthetic storms consisted of four
storms per flood magnitude (i.e., AEP flood levels) at each watershed, where three flood
magnitudes (e.g., low, medium, and high) were considered. These synthetic storms were selected
by (i) sorting the potential storms in ascending order of the differences between the resulting peak
storm surge and the targeted AEP water levels published by FEMA, (ii) eliminating the storms that
made landfall farther than twice the radius of maximum wind from the study area, and (iii)
prioritizing the potential storms that had different parameters (e.g., radius of maximum winds,
forward speed, central pressure, and wind speed). Therefore, a total of 23 synthetic storms (i.e.,
12 storms for each watershed and one storm is repeated for both) were selected to represent the
flood component of a tropical cyclone event in the compound flood event. The rainfall associated
with the tropical cyclone event was considered by employing a parametric tropical cyclone rainfall
model (Lonfat et al., 2004; US Army Corps of Engineers, 2006). This model estimates the
spatially-varying rainfall intensity based on the distance from the tropical cyclone center, azimuth
relative to the forward cyclone motion, central pressure deficit, radius of maximum winds, and
vertical wind shear (Bilskie et al., 2021).

145

Four different flooding scenarios were evaluated using each of the synthetic storms. These
flooding scenarios are (i) storm surge only, (ii) storm surge and rainfall from the tropical cyclone,
(iii) rainfall from the antecedent rainfall event only, and (iv) storm surge, rainfall from the tropical
cyclone, and rainfall from the antecedent rainfall event (i.e., combined flood). Note that the results
from the storm surge only scenario are only used for quality assurance and quality control of the
simulations considering storm surge and are not shown here. These flooding scenarios resulted in
48 simulations for each watershed and 96 simulations for each unstructured mesh. Therefore, 576
simulations were performed to assess the compound flood hazard zones in the historical conditions
and future projections.

5.2.4. Flood Hazard Zone Delineation
The compound flood hazard zones are determined from the flooding mechanisms that dominate
the compound flood in a specific region. Therefore, three compound flood hazard zones are
identified: hydrologic, coastal, and transition. These flood zones were delineated following the
method proposed by Bilskie and Hagen (2018). Their work is based on maximum water level for
three different flooding scenario: storm surge and rainfall from the tropical cyclone (i.e., ζS ),
rainfall from the antecedent rainfall event (i.e., ζR ), and storm surge and rainfall from the tropical
cyclone and antecedent rainfall event (i.e., ζC ). The hydrologic flood zone is defined as the region
where the flood is dominated by the rainfall-runoff (i.e., ζC ≈ ζR). The coastal flood zone is defined
as the region where the flood is dominated by storm surges (i.e., ζS > ζR). Lastly, the transition
flood zone is defined as the regions where both the storm surge and rainfall-runoff have influenced
the compound flood (i.e., ζR > ζS and ζC > ζR).
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The three flood hazard zones are delineated for each of the synthetic storms selected; therefore,
there are four sets of flood hazard zones for each flood magnitude. These four sets of flood hazard
zones are combined into a single flood hazard zone for each flood magnitude. Therefore, the
compound flood hazard zones delineated in this study represent the flood hazard zones for the
flood conditions under the combined effect of given flood magnitude (i.e., AEP or return period)
and not that the return period’s flood hazard zones were constructed. The combined coastal flood
hazard zone was determined as any location where the four individual coastal flood hazard zones
for a given flood magnitude were the same. Similarly, the combined hydrologic flood hazard zone
was determined as any location where the four individual hydrologic flood hazard zones were the
same for a given flood magnitude. Finally, the combined transition flood hazard zone was
determined as any location where at least one of the individual transition flood hazard zones for a
given flood magnitude occurred.

5.3. Results
5.3.1. Flood Hazard Zone Spatial Distribution
The compound flood hazard zones are delineated for each historical (e.g., c. 1890, 1930, and
1970), base (e.g., c. 2010), and future condition (e.g., c. 2050 and 2090). The flood hazard zones
presented in Figures 5.3 and 5.4 correspond to the combined low flood (i.e., 10-yr return period or
10% AEP flood) events for the Barataria and Lake Maurepas watershed, respectively. These results
illustrate the spatial coverage of each flood hazard zone and how it changes for each era. The
coastal flood zone on the Barataria watershed inundates further inland over the ensuing decades
and overtakes previously defined hydrologic and transition flood zone areas. This change is most
prominent along the watershed’s eastern boundary. This same behavior occurs within the Lake
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Maurepas watershed but to a lesser degree. As time progresses, the coastal flood zone moves
westward, and the transition flood zone pushes south. Additional flood hazard zone maps for the
combined medium flood (i.e., 50-yr return period or 2% AEP flood) events (Figures C.1 and C.3)
and the combined high flood (i.e., 100-yr return period or 1% AEP flood) events (Figures C.2 and
C.4) are presented in Appendix C.
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Figure 5.3. Compound flood hazard zone delineation for the Barataria watershed using low flood
events for (A) 1890, (B) 1930, (C) 1970, (D) 2010, (E) 2050, and (F) 2090. Service Layer Credits:
Esri, Garmin, GEBCO, NOAA NGDC, OpenStreetMap, and the GIS User Community.
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Figure 5.4. Compound flood hazard zone delineation for the Lake Maurepas watershed using low
flood events for (A) 1890, (B) 1930, (C) 1970, (D) 2010, (E) 2050, and (F) 2090. Service Layer
Credits: Esri, Garmin, GEBCO, NOAA NGDC, OpenStreetMap, and the GIS User Community.
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5.3.1.1. Barataria Watershed
In the Barataria watershed, the coastal flood zone dominates the base condition (i.e., the 2010
era) by covering 60% of its total basin area average across all flood magnitudes (Figure 5.5). The
transition and hydrologic flood zones follow with 33% and 7%, respectively, averaged over all
flood magnitudes. A similar distribution occurs for the historical and future conditions, except for
1890 and 1930. In 1930, the coastal and transition flood zones are virtually the same, with each
flood zone encompassing 46% of the basin area, on average, and 8% of the basin area for the
hydrologic flood zone. In terms of spatial coverage, the dominant flood hazard for the 1890
condition is the transition flood zone with 53% of the basin area, followed by the coastal and the
hydrologic flood zone with 37% and 10% on average across all flood magnitudes, respectively.
With increasing flood magnitude for the base condition, the most considerable variation in flood
hazard zone coverage occurs at the hydrologic flood zone with a decrease of 11%. Following are
the coastal flood zone with an increase of 9% of basin area, while the transition flood zone
remained relatively stable (i.e., differences within 2%). This behavior at the base condition occurs
for the historical and future conditions as the flood magnitude increases. The coastal flood zone
coverage area increases in time for all flood magnitudes, with its minimum in 1890 and its
maximum in 2090 (Figure 5.5). The coverage area reduces in time for all flood magnitudes of the
transition flood zone, with its minimum in 2090 and maximum in 1890. A clear trend could not be
established for the hydrologic flood zone since its coverage fluctuates within 3% through time for
the medium and high flood events. However, the coverage area reduces in time for the low flood
event, except for the base condition.

151

Figure 5.5. Percent of the watershed made up of each flood hazard zone for the Barataria watershed
under different flood magnitudes: (A) low, (B) medium, and (C) high flood events. Each bar color
represents a different era condition.
152

The evolution of the coastal and hydrologic flood zone extents is evaluated under different flood
magnitudes for the Barataria watershed (Figure 5.6). The transition flood zone is not considered
in this analysis since it is bounded by both the hydrological and coastal flood zone. In the Barataria
watershed, the extent of the hydrologic flood zone does not vary significantly compared to the
coastal flood zone extent’s temporal evolution, specifically for more severe flood events (e.g.,
medium and high flood events). A noticeable difference is observed for the 1890 hydrologic flood
zone extent under the low flood event (Figure 5.6B), with the largest coverage area for any era or
flood magnitude. These differences occur mainly at the northwestern region of the watershed,
where the palustrine forested wetland is currently (i.e., present conditions) the dominating
landscape with cultivated land close to the watershed borders. However, these changes are small
(e.g., less than 1% of the total basin area) in terms of the total coverage area of the hydrologic
flood zone. Conversely, the coastal flood extent’s temporal evolution shows a more significant
difference between them under each flood magnitude analyzed, especially at the eastern boundary
and central region of the watershed (Figure 5.6A,C,E). The central regions are currently dominated
by palustrine emergent wetland, while the east boundary is dominated by developed land (e.g.,
south of New Orleans proper), which is protected by a levee system. The guidance of Siverd et al.
(2019b) is followed to not include any levee system south and west of the Mississippi River to
compare changes in storm surge characteristics due to land loss across all coastal landscapes which
in this case is to evaluate compound flood hazard zones across the eras.
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Figure 5.6. Evolution of the (A,C,E) coastal and (B,D, F) hydrologic flood hazard zone extent for
all years using the (A,B) low, (C,D) medium, and (E,F) high flood events at the Barataria
watershed. Each color line represents a different era condition. Service Layer Credits: Esri,
Garmin, GEBCO, NOAA NGDC, OpenStreetMap, and the GIS User Community.
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5.3.1.2. Lake Maurepas Watershed
For the Lake Maurepas watershed, the hydrologic flood zone dominates the base condition by
covering 42% of its total basin area, averaged over all flood magnitudes. In comparison, the coastal
and transition flood zones have the same coverage area, on average across all flood magnitudes,
with 29% each (Figure 5.7). A similar distribution occurs for the historical conditions. For the
coastal flood zone, the coverage area increases from 6 to 14% greater than the transition flood zone
for 2050 and 2090, respectively. This increase in the coverage area implies that the coastal flood
zone is the dominant flood zone in 2090, with 39% of its basin area on average across all flood
magnitudes, followed by the hydrologic and transition flood zone with 36% and 25% on average
across all flood magnitudes, respectively. With increasing flood magnitude for the base condition,
the most significant variation in coverage area occurs in the hydrologic flood zone with a decrease
of 26%. The hydrologic flood zone is followed by the transition and coastal flood zone with an
increase in their coverage area of 18% and 8% of the basin area, respectively. This behavior at the
base condition occurs for the historical and future conditions as the flood magnitude increases. The
coverage area increases in time for all flood magnitudes of the coastal flood zone, with its
minimum in 1890 and maximum in 2090 (Figure 5.7). The coverage area for the hydrologic flood
zone decreases in time for all flood magnitudes, with its minimum in 2090 and maximum in 1890.
A clear trend could not be established for the transition flood zone since its coverage area fluctuates
within 3% throughout historical conditions for all flood magnitudes. For future conditions, there
is a sharp decrease (i.e., up to 7%) in the coverage area of the transition flood zone, especially for
the medium flood event.
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Figure 5.7. Percent of the watershed made up of each flood hazard zone for the Lake Maurepas
watershed under different flood magnitudes: (A) low, (B) medium, and (C) high flood events..
Each bar color represents a different era condition.
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Similarly, the evolution of the coastal and hydrologic flood zone extents is evaluated under
different flood magnitudes for the Lake Maurepas watershed (Figure 5.8). The hydrologic flood
zone extent does not vary significantly through time, especially for low flood events. Areas close
to the Mississippi River levee system have a greater difference in the hydrologic flood zone extent
during severe flood events (e.g., medium and high flood events) (Figure 5.8D,F). These regions
are mainly dominated by cultivated and developed land. However, these differences are minor
(e.g., less than 2% of the total basin area) compared to the total coverage area of the hydrologic
flood zone. Conversely, the coastal flood extent’s temporal evolution shows a more significant
difference between them under each flood magnitude analyzed, especially at the watershed’s
central region, which is currently dominated by palustrine forested wetland (Figure 5.8A,C,E).
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Figure 5.8. Evolution of the (A,C,E) coastal and (B,D, F) hydrologic flood hazard zone extent for
all years using the (A,B) low, (C,D) medium, and (E,F) high flood events at the Lake Maurepas
watershed. Each color line represents a different era condition. Service Layer Credits: Esri,
Garmin, GEBCO, NOAA NGDC, OpenStreetMap, and the GIS User Community.

158

5.3.1.3. Encroachment of the Coastal Flood Hazard
The coastal flood hazard zone’s encroachment is estimated to quantify the evolution of this
flood hazard zone extent under all flood magnitudes at both watersheds (Figure 5.9). The coastal
flood zone’s encroachment was computed as the nearest mean distance between two coastal flood
zone’s extent, which is associated directly with its value. For example, if the encroachment
between two successive conditions (e.g., the 1890 and 1930 eras) of coastal flood zones has a
positive value, then the coastal flood zone of 1930 is moving towards the sea (i.e., retreating
seaward) compared to 1890. Conversely, if the encroachment is negative, then the coastal flood
zone of 1930 is moving inland (i.e., migrating landward) compared to 1890. Two different
encroachment estimates were computed for each coastal flood zone of both watersheds. First, the
encroachment between two coastal flood zone of successive conditions (e.g., the 1890 and 1930
eras) is computed for each 40-yr period (Figure 5.9A,B), to quantify a rate-of-change in the
migration. Second, the encroachment between the coastal flood zone of a given era and the 2010
coastal flood zone was quantified to compare historical and future conditions with the base (i.e.,
the 2010 era) conditions (Figure 5.9C,D), to quantify a relative change in the migration.
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Figure 5.9. Coastal flood zone encroachment between (A-B) successive eras, and between (C-D)
a given era and the 2010 base condition at the (A,C) Barataria and (B,D) Lake Maurepas watershed
for different flood magnitudes. The blue, red, and green lines represent low, medium, and high
flood events, respectively. Positive values represent that the coastal flood zone for a given era has
moved towards the ocean compared (A-B) to the previous era or (C-D) to the 2010 base conditions.
Negative values represent that the coastal flood zone for a given era has moved inland compared
(A-B) to the previous era or (C-D) to the 2010 base conditions.
For future conditions at the Barataria watershed, the coastal flood extent moves almost twice
further inland from the base condition under low flood events than for more severe floods,
especially within the 2010-2050 period (Figure 5.9A,C). An increasing trend of encroachment
between successive eras occurs from 1930 through 2050 for low flood events. However, for further
future projections (e.g., 2050 to 2090 period), the encroachment of the coastal flood zone barely
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(e.g., 0.03 km yr-1) increased for medium-to-high flood events, while for low flood events a
substantial (e.g., 0.12 km yr-1) decrease was found even do the encroachment at this period is
relatively (e.g., within 600 m) equal for all flood magnitudes. This behavior suggests that the
coastal flood zone extent for the base condition moved further inland under high flood events than
medium-to-low flood events, not necessarily that the coastal flood zones of the historical
conditions move farther towards the sea. This is supported by the coastal flood zone’s
encroachment between successive eras, which is always negative, meaning that the coastal flood
zone moves inland over time compared to the previous conditions for all flood magnitude.
For both the historical and future conditions at the Lake Maurepas watershed, the encroachment
of the coastal flood extent, concerning the base condition, is similar (e.g., within 2km) for all flood
magnitudes (Figure 5.9D), which means that the flood magnitude did not influence significantly
on the coastal flood extent compared to the base condition. The encroachment between successive
eras of the coastal flood zone has a decreasing trend for historical conditions under all flood
magnitudes, with medium flood events being relatively constant (e.g., differences less than 10 m)
between 1930 and 2010 (Figure 5.9B). Conversely, encroachment between successive eras of the
coastal flood zone has an increasing trend for future conditions (e.g., 2010 through 2050) under all
flood magnitudes, with low flood events extending its increasing trend linearly into 2090.

5.3.2. Temporal Change
The rate of change and relative change is computed to assess each flood hazard zone’s area
change over time. The rate of change (units of km2 yr-1) for a given flood hazard zone is calculated
as the spatial difference for two successive eras (e.g., 1890 and 1930) across the 40 years (Figure
5.10). The relative change (units of km2 yr-1) is the difference in areal coverage between a given
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era and the 2010 era (i.e., base condition) divided by the length of the period (Figure 5.11). If the
rate of change between two successive eras (e.g., the eras 1890 and 1930) is a positive value, then
the 1930 coverage area has increased (i.e., gain) compared to 1890. Conversely, if the rate of
change in the coverage area between two successive eras (e.g., the eras 1890 and 1930) has a
negative value, then the 1930 coverage area has decreased (i.e., loss) when compared to 1890.
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Figure 5.10. Rate of change in coverage area between successive eras of the (A-B) coastal, (C-D)
transition, and (E-F) hydrologic flood zone at the (A,C,E) Barataria and (B,D,F) Lake Maurepas
watershed for different flood magnitudes. The blue, red, and green lines represent low, medium,
and high flood events, respectively. Positive values represent that the coverage area of a flood
hazard zone for a given era has increased compared to the previous era within the period. Negative
values represent that the coverage area of a flood hazard zone for a given era has decreased
compared to the previous era within the period.
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Figure 5.11. Relative change in coverage area between the historical and future conditions to the
2010 base condition of the (A-B) coastal, (C-D) transition, and (E-F) hydrologic flood zone at the
(A,C,E) Barataria and (B,D,F) Lake Maurepas watershed for different flood magnitudes. The blue,
red, and green lines represent the low, medium, and high flood events, respectively. Positive values
represent that the coverage area of a flood hazard zone for a given era has increased compared to
the 2010 base conditions. Negative values represent that the coverage area of a flood hazard zone
for a given era has decreased compared to the 2010 base conditions.
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5.3.2.1. Barataria Watershed
For the coastal flood zone in Barataria watershed, the most significant rate of change and
relative changes occurred from 2010 to 2050, with an increase of 27 km2 yr-1 for low flood events
(Figures 5.10A and 5.11A). The rate of change for low flood events increases from 1930 through
2050 for the coastal flood zone and then reduces from 2050-2090. For medium-to-high flood
events, the change rate has a decreasing trend from 2010 through 2090. The rate of change and
relative change for medium-to-high flood events are similar over time. This similarity indicates
that the change in coastal flood zone’s coverage area does not substantially vary (i.e., 3 km 2 yr-1)
for less frequent (i.e., higher magnitude) flood events. For historical conditions, the coastal flood
zone’s relative change for medium-to-high flood events is more significant than for low flood
events. However, both the rates of change and relative changes for low flood events are greater
than for medium-to-high flood events for future conditions. This behavior represents that the
eustatic SLR and the alteration to the coastal landscape will significantly affect the coastal flood
zone by increasing its coverage area under high-frequency (i.e., low magnitude) flood events for
future projections.
For the transition flood zone in Barataria, the most significant rates of change and relative
changes occurred from 1970 to 2010, with a change in the coverage area of 18 km2 yr-1 for medium
flood events (Figures 5.10C and 5.11C). The relative change for the transition flood zone is similar
for all flood magnitudes, with a rate of increase for the historical conditions and a rate of decrease
for future conditions. The rate of change for medium-to-high flood events has decreased from 1970
through 2090, while low flood events have increased from 1930 through 2050. Like the coastal
flood zone, the eustatic SLR and the alteration to the coastal landscape will significantly influence
the transition flood zone under high frequency flood events for future projections. As the coastal
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flood zone increases its coverage area moving inland, the transition flood zone must compensate
with a decrease in its coverage area because it cannot extend further inland and gain area from the
hydrologic flood zone.
For the hydrologic flood zone in Barataria (Figures 5.10E and 5.11E), the most significant rates
of change and relative changes occurred for low flood events only, while for medium-to-high flood
events, the changes remain relatively stable (e.g., within 2 km2 yr-1). The rate of change for low
flood events has a steeper slope (e.g., an order of magnitude greater) than for medium-to-high
flood events over time. This behavior implies that the rainfall-runoff can have a more significant
contribution when considering higher frequency flood events.

5.3.2.2. Lake Maurepas Watershed
For the coastal flood zone in Lake Maurepas, the most significant rates of change and relative
changes rate occurred from 2010 to 2050, with an increase of 4.4 km2yr-1 for medium flood events
(Figures 5.10B and 5.11B). For future conditions, the change in coastal flood zone’s coverage area
does not substantially vary (e.g., less than one km2yr-1) for medium-to-high flood events from
2010-2090. The rate of change for low flood events increases from 1970 through 2090 for the
coastal flood zone. This behavior represents that the combination of less frequent (i.e., higher
magnitude) flood events, increase in eustatic SLR, and alterations to the coastal landscapewill
significantly affect the coastal flood zone by increasing its coverage area for near-future
projections (e.g., up to the year 2050). However, a combination with high frequency flood events
can have a more significant influence farther into the future (e.g., beyond year 2050).
For the transition flood zone in Lake Maurepas, the most significant change and relative change
rate occurred from 2010 to 2050 with a decrease of 2.8 km2yr-1 for medium flood events (Figures
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5.10D and 5.11D). There is no clear distinction on which flood magnitude influences the greatest
coverage area for this flood hazard zone when combined with the increase in eustatic SR and the
modifications to the coastal landscape. However, the rate of change for the historical conditions is
relatively low (e.g., less than 1 km2 yr-1) for all flood magnitudes. Between 2010-2050, the change
in coverage area can vary widely, going from an increase of 0.9 km2 yr-1 to a decrease of 2.5 km2
yr-1 for low and medium flood events, respectively. There is virtually no change (e.g., less than 0.1
km2 yr-1) in the transition flood zone between 1970 and 2010, regardless of the flood magnitude,
meaning that the transition flood zone is in equilibrium over this period.
For the hydrologic flood zone in Lake Maurepas, the most significant relative change occurred
from 2010 to 2050 with a decrease of 2.8 km2 yr-1 for the low and high flood events (Figure 5.11F),
while for the rate of change occurs from 1890 to 1930 for medium-to-high flood events (Figure
5.10F). The relative change decreases at both future and historical conditions for all flood
magnitudes. However, the coverage area of this flood hazard zone at historical conditions
increases, while for the future conditions the coverage area decreases compared to the base
conditions for all flood events. Also, the rate of change decreases for historical conditions under
all flood magnitudes, while for future conditions, the loss of coverage area increases. This behavior
represents that the hydrologic flood zone will decrease its coverage area into the future for any
flood magnitude. Therefore, this watershed might change its dominant flooding mechanisms into
the future, from mostly hydrologic into coastal or even both.

5.3.3. Influence of Eustatic Sea-Level Rise
An additional set of simulations is performed to isolate and assess the influence eustatic SLR
has on the compound flood hazard zones. These simulations evaluated low and high flood events
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over both watersheds for the base (i.e., the 2010 era) condition with only one modification: the
Gulf of Mexico’s initial water level. This initial water level represents the hydrodynamic model’s
initial conditions to recreate the steady-state (i.e., normal or calm) conditions at the Gulf of
Mexico. The eustatic SLR mainly dominates the water levels of the Gulf of Mexico. Therefore,
this water level was modified from the base condition of 23 cm to the 1890 condition of 3 cm
(Figure 5.2). The compound flood hazard zones are delineated for the modified (i.e., the 2010 era
with 3 cm of eustatic SLR) and original (i.e., the 2010 era with 23 cm of eustatic SLR) base
conditions using low and high flood events at both watersheds (Figures 5.12 and 5.13).

Figure 5.12. Compound flood hazard zones delineation for the Barataria watershed using (A-B)
low and (C-D) high flood events for the 2010 condition with different water levels at the Gulf of
Mexico: (A,C) 3cm and (B,D) 23cm.
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Figure 5.13. Compound flood hazard zones delineation for the Lake Maurepas watershed using
(A-B) low and (C-D) high flood events for the 2010 condition with different water levels at the
Gulf of Mexico: (A,C) 3cm and (B,D) 23cm.
The most notable changes when modifying the Gulf of Mexico water levels in the Barataria
watershed are on its east boundary for low flood events, where regions that are hydrologically
dominated change to transition flood zone, and regions that are defined as transition change to
coastal flood zone (Figure 5.12A,B). Similarly, changes from transition to coastal flood zone are
observed within the Barataria watershed’s central region for high flood events (Figure 5.12C,D).
For the Lake Maurepas watershed, the transition flood zone overtakes the hydrologic flood zone
within the central region of the watershed with a westward direction, while the portion of the
transition flood zone is changed to a coastal flood zone in a southwesterly direction for low flood
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events (Figure 5.13A,B). This same behavior repeats for high flood events but to a more significant
extent, modifying regions close to the Mississippi River levee system (Figure 5.13C,D).
In the Barataria watershed, the modified condition’s coastal, transition, and hydrologic flood
zone decreases 5% and increases 4% and 1% its coverage area, respectively, compared to the
original condition for low flood events. Similarly, the modified condition’s coastal and transition
flood zone decreases and increases 6% its coverage area, respectively, compared to the original
condition for high flow events, while the hydrologic flood zone remained unchanged. The
difference in coastal flood zone coverage area between the modified and original base conditions
is four times less than the difference between 1890 and the original base conditions for both flood
events. The coastal flood zone from the modified base conditions encroaches 4.5 and 9 km seaward
compared to the original base conditions of the low and high flood events, respectively. However,
the coastal flood zone extent from 1890 moves more than three times the distance seaward than
the modified base conditions, concerning the original base conditions, for both flood events (Figure
5.9C). This behavior represents that the eustatic SLR can influence (e.g., up to 6% of its coverage
area) the compound flood hazard zones at the Barataria watershed, while other factors such as
changes to the coastal landscape can have a more significant (e.g., up to four times more than the
eustatic SLR) impact in the compound flood hazard zones.
For the Lake Maurepas watershed, the modified condition’s coastal, transition, and hydrologic
flood zone decreases 4% and increases 3% and 1% its coverage area, respectively, compared to
the original condition for low flood events. Similarly, the modified condition’s coastal and
transition flood zone decreases and increases 1% its coverage area, respectively, compared to the
original condition for high flood events, while the hydrologic flood zone remained unchanged. The
difference in the coastal flood zone’s coverage area between the modified and original base
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conditions is two times less than the difference between 1890 and the original base condition for
low flood events, while for high flood events is five times less. The coastal flood zone from the
modified base conditions encroaches 2 and 1 km seaward compared to the original base conditions
for low and high flood events, respectively. However, the coastal flood zone extent from 1890
moves more than three times the distance seaward than the modified base conditions, concerning
the original base conditions, for low flood events, while for high flood events are six times less
(Figure 5.9D). This behavior represents that variations in the eustatic SLR have a minimal (e.g.,
less than 1% of the total watershed area) impact in the compound flood hazard zones for less
frequent (i.e., higher magnitudes) flood events at the Lake Maurepas watershed.

5.4. Discussion
The results suggest that the Barataria watershed is dominated by coastal flood mechanisms from
1970 through 2090. While from 1890 through 1930, it is found that both flooding mechanisms
(i.e., coastal and hydrological) substantially impacted the compound flood hazard zones.
Conversely, the results suggest that the Lake Maurepas watershed is dominated by hydrological
flood mechanisms from 1890 through 2050. While for 2090, it is found that coastal flood processes
are the primary flood mechanism within the compound flood hazard zones at this watershed.
Overall, the coastally dominated flood zone coverage area increases in time for all flood
magnitudes (e.g., low, medium, and high) at both watersheds. This behavior is explained primarily
by the coastal landscape alterations, which enhance the coastal flood processes (i.e., storm surge
and eustatic SLR) impact further inland. For watersheds with compound flood hazard zones
dominated by coastal flooding mechanisms, such as the Barataria watershed, a decreasing trend is
found for the transition flood zone’s coverage area. Additionally, a decreasing trend is determined
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for the hydrologic flood zone’s coverage area at the Lake Maurepas watershed, where hydrologic
flooding mechanisms dominate the compound flood hazard zones.
In general, higher frequency (i.e., lower magnitude) flood events will impact more the flood
hazard zones than lower frequency flood events in future projections in coastally dominated
watersheds (e.g., Barataria watershed). Moreover, within an ecological context, Bevington et al.
(2017) found that annual flood events (i.e., cold fronts) can eliminate the bed elevation gain in
low-gradient deltaic plains, such as the Wax Lake Delta, which is a sediment-abundant coastal
watershed in southern Louisiana. The largest rate of increase in the coverage area of the coastal
flood zone is between 2010-2050, meaning that this near-future period may represent an inflection
point in the composition of compound flood hazard zones, where the coastal flood zone will
dominate even in watersheds currently controlled by hydrologic flood mechanisms (e.g., Lake
Maurepas watershed). The largest rate of change in any flood hazard zone’s coverage area occurred
at the coastally dominated watershed, regardless of flood magnitude. This means that coastal flood
mechanisms largely influence the coverage area's evolution, driven primarily by climate changeinduced eustatic SLR. Therefore, high-frequency flood events may dominate the coastal flood zone
in the near-term future projection, representing an urgent issue that requires action from the local
authorities, stakeholders, and policy-makers to counter climate change impacts on compound flood
hazard zones. Further implication entails the non-stationarity of climatic processes, including those
coastal and hydrologic in origin, and the subsequent adjustment in magnitudes across the
probabilistic spectrum, e.g., where present-day lower frequency flood events occur with greater
frequency in the future.
Summarily, the coastal flood zone extent moves inland as time increases under all flood
magnitudes at both watersheds. For historical conditions, the coastal flood extent moves at least
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three times closer to the sea at the Barataria watershed relative to that of the Lake Maurepas
watershed, compared to the 2010 base conditions, regardless of the flood magnitude. This
observation suggests that the coastal flood extent at the 2010 base condition at the Barataria
watershed is far more critical than the conditions at the Lake Maurepas watershed. This behavior
can be attributed to the wetland collapse (i.e., land converting into open water) at the Barataria
watershed after being hydraulically disconnected from the MRDP in the 1930’s decade. As a result
of non-stationarity of climate and coastal land-margin conditions the behavior of the changing
compound flood hazard zones is nonlinear with increasing levels of nonlinearity that are subject
to the future scenarios imposed.
The increasing rate of eustatic SLR observed during the 20th century, ranging from 1 to 2 mm
yr-1 (Church et al., 2013), and the deprivation of sediments and nutrients into this watershed has
accelerated the drowning of the wetland system to its deteriorated conditions in 2010. Furthermore,
the future projections of eustatic SLR, suggest a more significant rate of increase (i.e., 7 mm yr-1)
(Oppenheimer et al., 2019) in the near future, whereby the near-term future projection (i.e., 2010
to 2050 period) represents an inflection point in the coastally dominated flood hazard zones. Also,
the behavior presented by the results of the impact of the eustatic SLR on the compound flood
hazard zones suggests that the modification of the coastal land-margin due to climate change and
anthropogenic alterations had a more significant impact on the compound flood hazard zones than
the eustatic component of SLR alone at both watersheds, especially at the coastal flood zone.
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5.5. Conclusion
This research assesses compound flood hazard zones' evolution through different historical eras
and future projections for two distinct coastal watersheds in southeastern Louisiana. As
representative of historical and future conditions, the Louisiana coastal landscapes developed by
Siverd et al. (2019b) were used within the modeling framework developed by Bilskie et al. (2021).
This modeling framework estimates the total water levels due to an antecedent rainfall event and
a tropical cyclone event, including the tropical cyclone’s rainfall. A total of 23 synthetic tropical
cyclones were employed to provide model forcing to each compound flood simulation. Three
different flood hazard zones were delineated based on the relative dominance of the flooding
mechanisms: hydrologic, transition, and coastal.
Following the research of Siverd et al.(2019b) combined with Bilskie et al. (2021), this research
further demonstrates the importance of recognizing compound flood processes in assessing flood
hazards on low-gradient coastal land-margins, especially under historical and future conditions.
The present (i.e., the year 2010) dominant flood hazard zone for the Barataria watershed is the
coastal flood zone, while the Lake Maurepas watershed is the hydrologic flood zone. The
difference in the present dominant flood hazard zone between both watersheds can be attributed
to the watershed locations, whereby different watersheds will have different responses of
compound flood hazard zones. For example, the coastal flooding effects from the Gulf of Mexico
directly affect the Barataria watershed, while these effects are attenuated by a system of lakes (e.g.,
Lake Ponchartrain and Lake Borgne) that separates Lake Maurepas watershed from the Gulf of
Mexico.
The near-future (e.g., the year 2050) projections of the compound flood hazard zones suggest
that the coastal flood zone will suffer the most significant changes in coverage area due to a
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combination of increasing eustatic SLR, high-frequency flood events, and alterations to the coastal
land-margin. These coastal flood zone changes imply that hydrologically-dominated watersheds
may change their dominant flood hazard zone to transition or even to coastal flood zone in future
long-term projections (i.e., the year 2090). The future landward migration of coastal flood zones
can deteriorate many inland ecological systems by increasing the residence time and spatial extent
of the high-salinity floodwaters. Eustatic SLR alone is critical in assessing compound flood hazard
zones; however, when subsidence and eustatic SLR are combined under relative SLR and the loss
of coastal lands is included the changes to compound flood hazard zones are starkly evident. This
follows the lessons learned from previous assessments of the coastal dynamics of SLR on lowgradient coastal land-margins (Bilskie et al., 2019b, 2016b, 2014; Passeri et al., 2015b),
particularly the recognition of the complexity of the variations in the highly nonlinear responses
due to non-stationarity in climate and the coupled natural and human response.
Some of the study’s limitations are based on the compound modeling framework and the coastal
landscapes developed for historical and future conditions. First, the future GMSL rise scenario
selected was a conservative scenario (i.e., Intermediate-Low scenario with a rise of 50 cm by
2100), whereas researchers have concluded that a more aggressive GMSL can be expected in the
future due to the conservative projections of the RCP4.5 (i.e., Representative Concentration
Pathway) climate change scenarios (Bates et al., 2021; Kopp et al., 2014; Sweet et al., 2007).
Second, the Louisiana coastal landscapes are modified through time for locations south of the
Intracoastal Waterway, which goes from Sabine Lake in Texas through the Pearl River outlet in
Mississippi, crossing through Morgan City, Houma, Lafitte, and the mid-region of the Barataria
watershed. Therefore, regions such as the Lake Maurepas watershed do not differ in the coastal
land-margin over time. Extending Siverd et al. (2018) analysis to further inland locations, like
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Lake Maurepas watershed, might alter compound flood hazard zone’s delineation, especially for
future projection. Third, some hydrologic processes, such as infiltration, evapotranspiration, and
initial abstraction, were neglected when accounting for rainfall-runoff within the compound
modeling framework. These neglected hydrologic features will affect the volume of rainfall-runoff
that contributes to the compound flood levels. For example, the Green and Ampt method can be
incorporated into the hydrologic computations to estimate spatially-varied infiltration rates based
on soil properties (Bass and Bedient, 2018; Torres et al., 2015).
As a fourth limitation of the approach, the current wetting and drying algorithm employed
within the compound modeling work is not well-suited for rainfall-runoff routing (Bilskie et al.,
2021; Medeiros and Hagen, 2012). Overland rainfall-runoff is characterized by small (e.g., within
10-3 to 10-6 m) water depths compared to riverine water depths (e.g., within 101 to 10-2 m). These
small water depths are especially challenging when solving any discretization of the governing
shallow water equations. Future work with compound flood modeling should explore alternative
methods for the wetting and drying of elements in the hydrodynamic simulation. Fifth, the present
study is a limited representation of an annual exceedance probability flood event, where each
flooding mechanism is determined from observed rainfall data and synthetic tropical cyclones.
Therefore, future precipitation and tropical cyclones patterns should be incorporated into the
modeling framework to improve the assessment of compound flood hazard zones under climate
change. For example, results from Global Circulation Model and synthetic hurricane precipitation
predictions can be used to modify historic annual exceedance probability of precipitation events
(Bates et al., 2021). Lastly, future built environments, such as barrier island restoration, dikes,
levees, wetland restoration, should be considered for future projections of the coastal land-margin
since they can attenuate SLR effects and alter the compound flood hazard zones. Regardless of
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these limitations this study confirms the need to fully assess compound flood hazard zones in lowgradient coastal land-margin regions. Future enhancement of the coupling technique of the
compound flood modeling framework towards a tightly- or fully-coupled approach (SantiagoCollazo et al., 2019) for a more holistic forecast inundation model is warranted to better estimate
compound flood hazards zones in any low-gradient coastal region. This study and future
advancements will aid policy-makers, stakeholders, and authorities as they pursue enhanced
coastal resilience to compound flooding.
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Chapter 6. A Localized Compound Flood Analysis: A Case Study of the
Atchafalaya Watershed
6.1. Introduction
Any low-gradient coastal land-margin is prone to natural hazards such as tropical cyclones,
extreme rainfall events, and low-pressure systems. Thus, these regions can be subjected to the
effects of a compound flood. Compound flooding depends on many factors such as the watershed
characteristics (e.g., soil type, initial moisture, and land use / land cover), meteorological event(s)
(e.g., magnitude, duration, number of individual events, and timing between each event), and the
coastal basin description (e.g., bay / estuary geometry, bathymetry, and astronomical tidal range).
Therefore, there is a unique hydrodynamic response for each compound flood event at a coastalland margin.
This chapter aims to improve the understanding of the localized effects of a compound flood.
To the author’s knowledge, a fully-coupled inundation model capable of describing the complete
interaction between flooding mechanisms (e.g., storms surge and rainfall-runoff) has not been
developed, employed, or published in the literature. Furthermore, holistic compound inundation
models (e.g., tightly- or fully-coupled models) have yet to be tested in a “real-life” coastal
watershed due to the numerous challenges encountered with a “real-life” domain (e.g.,
microtopography, adverse slopes, complex coastal geometry).
A multi-dimensional modeling approach is used to assess the compound flood at a low-gradient
coastal land-margin in south-central Louisiana: the Atchafalaya Watershed. This approach utilizes
the one-dimensional (1-D) modeling framework developed in Chapter 3 to delineate compound
flood hazard zones at an idealized 1-D transect. This idealized transect was developed from
observed data in the study area. The compound flood event is based on three flooding mechanisms:
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i) rainfall-runoff (i.e., antecedent rainfall event), ii) storm surge (i.e., tropical cyclone event), and
iii) astronomical tides (i.e., occurring through the entire compound flood event).
A return period analysis is performed to estimate the rainfall intensity and storm surge levels
for different annual exceedances probabilities (i.e., return periods) using observed data at the study
area. A two-dimensional (2-D) hydrodynamic model is used to estimate the flood response due to
an extreme (i.e., less frequent) tropical cyclone event. These results were incorporated into the 1D numerical framework, through the open ocean boundary condition, to improve the compound
flood assessment, especially under less frequent but more impactful events.

6.2. Study Area
The study area selected for this chapter is the Atchafalaya watershed, which is located in southcentral coastal Louisiana. This watershed encompasses a total of 5,164 km2 of drainage area,
extending from Simmesport at the north end to Patterson at the south end. The Atchafalaya River
starts downstream of the confluence between the Red River and the Mississippi River. The Old
River Control Structure, designed by the U.S. Army Corps of Engineers in 1963, diverts as much
as 30% of the Mississippi River’s flow into the Atchafalaya River to alleviate flood levels at
downstream cities (e.g., Baton Rouge and New Orleans ) (Gautier, 2013).
This chapter focus on the lower segment of the Atchafalaya Watershed herein called Lower
Atchafalaya Watershed (Figure 6.1). The area is bounded on the west by Crewboat Channel with
the Atchafalaya River bounding the east, and extends downstream of Morgan City and Calumet.
The catchment area for this region is 135 km2, almost 3% of the entire Atchafalaya Watershed
catchment area. This lower segment was selected due to its low gradient at the coastal land-margin
and direct exposure to extreme rainfall events and tropical cyclone impacts.
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The Atchafalaya Watershed is considered North America’s largest floodplain swamp (The
Nature Conservancy, 2021). This statement results from the fact that the majority (i.e., 64 %) of
the land use / land cover (LULC) of the watershed consists of palustrine and estuarine wetland,
while 17% is covered by water and 11% by cultivated land. Contrary, the dominant LULC at the
Lower Atchafalaya Watershed is open water with 46%, followed by palustrine wetland with 40%,
unconsolidated shore with 9%, cultivated land with 2%, and developed land with 2% (NOAA,
2014).
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Figure 6.1. Location of the study area, rainfall gauge, tide gauge, and high-water marks (HWM)
within the Atchafalaya Basin. The location of the idealized coastal watershed transect is shown in
a solid black line. Service Layer Credits: Esri, Maxar, GeoEye, Earthstart Geographics,
CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community.
6.2.1. Idealized Transect for Lower Atchafalaya Watershed
The proposed 1-D fully-coupled inundation model requires an idealized 1-D transect
representing the coastal land-margin. The purpose of utilizing an idealized transect is to avoid
numerical instabilities brought by complexities in the topography, such as microtopography and
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adverse slopes. The idealized transect was derived from observed topography / bathymetry data
that extents from a bathymetric depth (i.e., negative elevation) of 20 m NAVD88 through to the
upper portion of the Lower Atchafalaya Watershed (solid black line on Figure 6.1). A detailed
view of the observed transect illustrates a navigation channel followed by a levee at 92 km into
the land (Figure 6.2). Also, underwater channels at the Wax Lake Delta are exhibited around 75
km into the land.

Figure 6.2. Observed and idealized transect for the Lower Atchafalaya Basin. The red dashed
line represents the basin boundary.
The idealized transect (solid green line in Figure 6.2) is divided into three homogenous
segments. These segments are defined based on changes in LULC and abrupt breaks in the profile
slope. Thus, each segment has a constant Manning’s roughness coefficient. For example, the lower
segment is underwater; hence the Manning’s roughness coefficient is 0.02. Likewise, the middle
segment represents a combination of palustrine forest wetland and palustrine emergent wetland.
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Thus, the Manning’s roughness coefficient is 0.073. Finally, the upper segment is characterized
by a mix of low-intensity development and cultivated land, so Manning’s roughness coefficient is
0.044. The slopes of the lower, middle and upper segments are 0.25, 0.005, and 0.17 m km-1,
respectively. The lower segments span the first 80 km of the domain, while the middle segment
covers the next 14 km (i.e., 80 to 94 km into the domain), and the upper segment covers the last 6
km of the domain (i.e., 94 to 100 km into the domain).

6.2.2. Tropical Cyclone Impacts
The Gulf of Mexico is a region prone to tropical cyclones that develop in the Atlantic Ocean
basin, travel westward through the Caribbean Sea and shift towards a northerly track between
Mexico and Cuba. As of the 2020 hurricane season, a total of 169 tropical cyclones have impacted
Louisiana within 20 km, dating back to 1852 (NOAA, 2021b). Furthermore, six tropical cyclones
have directly impacted coastal Louisiana in the last year (2020) alone, two of them (i.e., Laura and
Delta) major (e.g., category 3 or higher) hurricanes. According to the SURGEDAT database, only
two high-water marks (HWM) have been recorded at the Lower Atchafalaya Watershed (blue
squares in Figure 6.1) from 1880 through 2011 (Needham et al., 2013). These HWMs correspond
to a 1918 unnamed storm (i.e., square #1 in Figure 6.1) and Hurricane Lili in 2002 (i.e., square #2
in Figure 6.1) with 1.0 m and 3.75 m of storm tide (i.e., storm surge and astronomical tide),
respectively. Despite being the only two tropical cyclones with HWMs recorded, they are not
considered in the 2-D hydrodynamic modeling since there is no reliable data for the 1918 unnamed
storm and the water levels before Hurricane Lili arrival were 0.61 to 1.2 m above normal, meaning
that the astronomic tide had a significant influence on the total water levels.
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Another powerful tropical cyclone that affected the southwest coastline of Louisiana was
Hurricane Rita in 2005. This storm holds the record for the most intense storm in the Gulf of
Mexico, with a maximum wind speed of 286 km h-1 (178 mph) and a minimum barometric pressure
of 895 mb (Knabb et al., 2006). Rita was a strong category 3 hurricane when it was 185 km from
the study area on September 21 at 6:00 UTC (Figure 6.3). This storm was selected as an extreme
storm surge event (i.e., events that are less frequent or higher return period) for application of the
state-of-the-art 2-D hydrodynamic model since it has been studied extensively in the literature
(Bunya et al., 2010; Dietrich et al., 2012b, 2011b, 2010). Other researchers have simulated a 2.5
m storm surge due to Rita at the Wax Lake Delta, which is at the beginning of the coastal landmargin study area (Xing et al., 2017).

Figure 6.3. Hurricane Rita track along the Atlantic Ocean and the Gulf of Mexico. Each color dot
represents the intensity of the storm based on the Saffir-Simpson scale. The first dot from right to
left corresponds to September 18 00:00 UTC, with increments of six hours. Service Credit Layer:
Esri, Garmin, GEBCO, NOAA NGDC, and other contributors.
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6.3. Methods
6.3.1. One-Dimensional Numerical Model
The 1-D numerical model used for this study is based on the 1-D depth-integrated continuity
and momentum equation for gradually varied unsteady flow (i.e., shallow water equations). This
modeling framework is capable of simulating compound flood events using a fully-coupled
approach. The algorithm can consider various flooding mechanisms simultaneously, such as
astronomical tides, storm surge, and rainfall-runoff. The selected oceanic boundary condition is
based on a sinusoidal function representing the astronomical tide forcing with a constant amplitude
and a diurnal frequency representing the Gulf of Mexico conditions (i.e., a 24 hr period). The storm
surge forcing is constructed using an empirical equation developed by Xu and Huang (2014) to
represent a storm surge hydrograph of a category 3 hurricane at the Gulf of Mexico. The model
discretization employs a uniform size of 200 m and a time step of 10 sec, resulting in a CourantFriedrichs-Lewy (CFL) condition of 0.7 that falls within the recommended range to avoid
numerical instabilities (Mahgerefteh et al., 2009). Additional details from the 1-D numerical
model, such as the discretization technique and the wetting and drying algorithm, as well as other
specific parameters (e.g., time weighting factors, G- parameter, and wetting and drying
thresholds), can be found in Chapter 3.

6.3.2. Tidal Resynthesis
A tidal resynthesis (Pugh and Woodworth, 2014) is performed for the Amareda Pass tide gauge
(orange triangle in Figure 6.1) over a complete tidal cycle (i.e., approximately 14 days). This
technique recreates the astronomical tide by combining the individual water levels from several
(e.g., 37) harmonic tidal constituents (NOAA, 2021a) using Eq. (6.1).
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𝑛

ƞ = ∑ 𝐴𝑖 𝑛𝑓 𝑐𝑜𝑠(𝑢𝑖 𝑡 − ∅𝑖 + 𝛼 )
(6.1)

𝑖=1

where ƞ represents the free surface deviation, 𝐴 represents the tidal amplitude, 𝑛𝑓 represents
the nodal factor, 𝑢𝑖 represents the frequency, 𝑡 represents time, ∅ represents the phase lag of the
observed tidal constituent relative to the theoretical equilibrium tide, 𝛼 represents the equilibrium
argument, the subscript 𝑖 represents the harmonic constituent, and 𝑛 represents the total amount of
constituents.
At this location, the dominant harmonic constituent, in terms of its amplitude, is the lunar
diurnal constituent (i.e., K1) with an amplitude of 0.13 m (Table 6.1). The K1 constituent is
followed by the solar annual (i.e., SA) constituent, the lunar diurnal (i.e., O1) constituent, and the
principal lunar semidiurnal constituent (i.e., M2). Three of the top eight constituents correspond
to the semidiurnal (e.g., M2, N2, and S2) tidal regime, while three other constituents correspond
to the diurnal (e.g., K1, O1, and P1) tidal regime, thus suggesting a mixed tidal regime.
Furthermore, the form factor (Madah et al., 2015), which is computed as the quotient between the
principal diurnal constituents (e.g., O1 and K1) by the main semidiurnal components (e.g., M2 and
S2), confirms that the tidal regime is a mixed (mainly semidiurnal), with a value of 0.48 (Pugh
and Woodworth, 2014).
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Table 6.1. Top eight tidal constituents at the Amerada Pass tide gauge based on amplitude. All
degrees values are referenced to Greenwich Meridian Time (GMT).
Constituent
Amplitude
Phase
Speed
Nodal
Equilibrium
-1
a
Name
(m)
(deg)
(deg hr )
Factor
Argumenta (deg)
K1
0.132
39.5
15.04
0.94
40.9
SA
0.116
103.4
0.04
1.00
28.1
O1
0.115
33.7
13.94
0.90
229.4
M2
0.087
285.2
28.98
1.02
270.1
P1
0.039
30.3
14.96
1.01
318.5
SSA
0.035
60.5
0.08
1.00
262.9
S2
0.031
282.1
30.00
1.00
0.0
N2
0.024
265.4
28.44
1.02
315.0
a

the values correspond to February 1, 2011, at 0:00 UTC

The recreated astronomic tide confirms the mixed tidal regime since the amplitude of the high
and low water levels varies each day through the tidal cycle (Figure 6.4A). For example, the tidal
amplitude falls within the mean high water (MHW) and mean low water (MLW) level from the
5th through the 9th day of the tidal cycle. However, on the remaining days of the tidal cycle (e.g.,
days 0 through 5 and 9 through 14), the high and low water levels surpass the MHW and the MLW,
respectively. The daily tidal amplitude is computed as one-half of the daily tide range (i.e.,
maximum daily level minus minimum daily level) from the tidal resynthesis analysis performed
at this tide gauge (Figure 6.4B). The maximum tidal amplitude (i.e., spring tide) is 0.39 m and
occurs on the first day of the tidal cycle. Contrary, the minimum tidal amplitude (i.e., neap tide) is
0.10 m and occurs on the seventh day of the tidal cycle. Finally, the average tidal amplitude for
the entire tidal cycle is 0.24 m.
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Figure 6.4. Tidal resynthesis analysis for the Amerada Pass tide gauge. (A) The reconstructed
water surface deviation levels using the tidal resynthesis are shown in the solid black line, while
the dotted grey line represents the mean high water (MHW) level and the dashed grey line the
mean low water (MLW) level. (B) The daily amplitude is computed as half of the tidal range from
the tidal resynthesis level.
6.3.3. Return Period Analysis
6.3.3.1. Rainfall
The quantile estimate (i.e., return period) of the daily rainfall totals at the Lower Atchafalaya
Watershed are estimated using various parametric methods. The rainfall gauge at Morgan City
(green dot in Figure 1) is selected to represent the conditions of the study area. This gauge provided
the partial duration series (PDS) of the daily precipitation recorded from 1905 through the present
(i.e., n = 117 years of record) with 99% temporal coverage. Commonly, the parametric methods
used for quantile estimates are based on an annual exceedance series (AES). This AES represents
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a series of n largest and independent events regardless of the year in which they occur and is
obtained from the PDS (Bedient et al., 2012). The AES differs from the annual maxima series
(AMS) because if two of the largest events within the PDS occurred in the same year, the AMS
would only consider the highest one, while the AES will consider both. Thus, the AES provides a
more realistic quantile estimate than for AMS, especially for low return periods. The selected AES
consists of 117 daily rainfall values.
Four different parametric methods are assessed in this study: Log Pearson Type III (LOGP3),
Extreme Value Distribution (i.e., Gumbel), Southern Regional Climate Center (SRCC) method,
and Huff-Angel (H-A) method. The first two are probability distributions, while the latter two are
regression methods. The Gumbel method is selected due to its popularity ever since the Weather
Bureau Technical Paper No. 40 (Hershfield, 1961)was published based on this probabilistic
distribution. The LOGP3 has proved to be the best fit for quantile estimates of extreme rainfall
events in Louisiana (Naghavi et al., 1993). However, Faiers et al. (1994) demonstrated that the
SRCC method provides greater confidence in the quantile estimates than the Gumbel distribution,
especially in Louisiana. These quantiles estimates are also compared to those provided by the
widely known NOAA Atlas 14, which uses a 3-parameter Generalized Extreme Value Distribution
(Bonnin et al., 2006).
The quantile estimates of daily rainfall are computed for the following return periods using the
five different parametric methods: 2-, 5-, 10-, 25-, 50-, and 100-yr (Figure 5). For the lowest return
period, all quantile estimates are very similar (e.g., within 13 mm) among the methods. However,
as the return period increases, the difference between the quantile estimates increases significantly
(e.g., up to 95 mm). The Gumbel distribution provides the lowest quantile estimate throughout
most return periods, while the Atlas 14 provides the highest quantile estimates for all return
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periods. The quantile estimates from the LOGP3 and the SRCC method are very similar (e.g.,
within 10 mm) for all return periods.

Figure 6.5. Total daily rainfall for each technique evaluated in the return period analysis. Each
colored bar represents a different technique.
To verify which quantile estimates “fits better” the observed data, the Kolmogorov-Smirnoff
(K-S) test was performed, measuring the expected number of exceedances versus the number of
exceedances for each quantile estimate. According to Keim and Faiers (2000), the distribution with
the lowest K-S statistic value is the one that best fits the data. As part of the K-S test, the expected
number of exceedances is computed as the total amount of observed values in the PDS divided by
the return period. The number of exceedances for each quantile estimate is computed as the number
of observed events that exceeded the rainfall magnitude given by a specific return period within
the entire PDS. Results from the non-parametric K-S test show that the LOGP3 and the SRCC
method provide the “best fit” to the observed data since their value (e.g., 0.167) is the lowest from
all the methods considered (Table 6.2).
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Table 6.2. Number of exceedances for each rainfall return period using various parametric
methods.
Number of Exceedances
Return Period
(yr)
Expected
LOGP3
Gumbel
SRCC
Huff-Angel Atlas-14
2
58.5
55
47
56
61
43
5
23.4
24
24
17
24
15
10
11.7
14
16
9
13
6
25
4.68
4
9
4
4
2
50
2.34
2
6
2
1
1
100
1.17
1
4
1
1
1
K-S Value
----0.333
0.333
0.333
0.167
0.167
Bold values represent the parametric method that fits best the observed data based on the
Kolmogorov-Smirnoff (K-S) test

6.3.3.2. Storm Surge
The observed water levels at the Amerada Pass gauge (orange triangle in Figure 1) were
obtained to estimate the quantile estimate for the storm surge flooding mechanisms at the Lower
Atchafalaya Watershed. This tide gauge was installed in November of 2005, but it started
collecting continuous data in late 2010. Therefore, the PDS was selected from February 2011
through 2021 for a total of 10 years of hourly observed water levels.
The observed water level consists mainly of two components: a periodic component due to the
astronomic tides and a non-periodic component due to meteorological events (e.g., intense onshore
wind events, tropical cyclones, and low-pressure system). The astronomical tide is computed using
Eq. (6.1) for the 37 tidal harmonic constituents at this location, and a tidal factor and equilibrium
argument is referenced to the first day of the PDS. Thus, a continuous hourly astronomical tide is
created from a tidal resynthesis analysis. The non-periodic component (i.e., storm surge levels) are
computed by subtracting the astronomical tide from the observed water levels. Walton (2000)
recommends that the AES contain three times the number of years than the PDS; thus the greatest
and independent storm surge event comprises the AES used in the quantile estimate. A +/-72 hr
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window was employed to filter out the storm surge levels less than the maximum for an
independent event.
Similar to the rainfall, the quantile estimates for the storm surge level at the study area were
estimated using two parametric methods: Log Pearson Type III (LOGP3) and Extreme Value
Distribution (i.e., Gumbel). These probabilistic methods have been used before to compute
quantile estimates of storm surge in locations such as the US east coast and the entire coastal area
of China (Lopeman et al., 2015; Walton, 2000; Yang et al., 2017). Furthermore, Walton (2000)
showed that probability distributions used commonly in hydrology, such as the Gumbel and
LOGP3, may be adequate for providing a reasonable representation of the quantile estimates of
storm surge levels. As a point of comparison, the joint-probabilistic method (JPM) used by the
Flood Emergency Management Agency (FEMA) flood insurance study of Louisiana’s
Southeastern parishes (FEMA and USACE, 2008) was obtained for the exact location as the
Amerada Pass tide gauge. However, the quantile estimates provided by FEMA are limited to the
10-, 100- and 500-yr return periods.
The storm surge levels are computed for five different return periods using the LOGP3 and
Gumbel distribution: 2-, 5-, 10-, 25-, 50-, 100-, and 500-yr (Figure 6.6). Both parametric methods
generate a similar (e.g., less than 0.05 m) storm surge level for return periods less than 10-yr.
However, a greater difference (e.g., at least 0.10 m) among the storm surge estimations prevails
for higher (e.g., greater than 25-yr) return periods. For the 10-yr return period, the estimated storm
surge levels using the LOG3P and Gumbel distribution are slightly higher (e.g., 0.15 m) than the
JPM levels, representing that the estimated values by LOGP3 and Gumbel are on the conservative
side. Contrary, for higher return periods (e.g., 100- and 500-yr), the difference between the
estimated storm surge levels using the parametric methods (i.e., Gumbel and LOGP3) and the JPM
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are significantly greater (e.g., between 0.7 and 1.3 m). Therefore, for extreme events (i.e., 100-yr
return period or greater), the parametric methods applied herein underestimate the storm surge
level, similar to the results of Walton (2002).

Figure 6.6. Maximum storm surge levels for each parametric method evaluated in the return
period analysis. Each colored bar represents a different technique.
6.3.4. Two-Dimensional Numerical Model
The 2-D hydrodynamic model used to assess the flooding brought about by Hurricane Rita was
the ADvanced CIRCulation (ADCIRC) model. The model solves the generalized wave-continuity
equation, a form of the depth-integrated shallow water equation, for water surface elevation and
velocity at every node of an unstructured finite element mesh (Luettich et al., 1992). This
hydrodynamic model has been widely tested and validated with high accuracy over a wide range
of tropical cyclones at different geographic locations, such US Atlantic coast (Bacopoulos et al.,
2012; Colle et al., 2008; Garzon and Ferreira, 2016; Hagen et al., 2012; Yin et al., 2016), the North
Indian Ocean (Bhaskaran et al., 2014; Gayathri et al., 2016), and the Gulf of Mexico (Bilskie et
al., 2016c; Bunya et al., 2010; Dietrich et al., 2011a; Hagen et al., 2012; Hope et al., 2013).
193

The latest version of the 2017 Louisiana Coastal Master Plan ADCIRC model mesh (Roberts
and Cobell, 2017) was used as the model’s unstructured mesh. This unstructured mesh was used
in the Coastal Emergency Risk Assessment (CERA) operational model for the 2020 Hurricane
season. The unstructured mesh has a higher resolution (i.e., tens to hundreds of meters) near the
Louisiana coastline and a coarser (e.g., kilometers to tens of kilometers) resolution elsewhere,
spanning from the western North Atlantic Ocean (i.e., westward the 60 degrees longitude) and
containing 1,593,485 vertices and 3,102,441 elements.
The conditions of astronomical tides and riverine flow are considered in addition to the
Hurricane Rita conditions. The astronomic tides conditions are specified with the seven dominant
harmonic constituents (e.g., O1, K1, Q1, M2, S2, N2, and K2) at the Atlantic open-ocean boundary
along the 60°W meridian. This tidal forcing needs to be ramped since the simulation started from
a cold start. The ramp function is applied to the first seven days of the simulation (i.e., September
4 – 11). Then, the tidal forcing runs for an additional seven days (i.e., September 11 – 18) to reach
dynamic equilibrium, totaling a 14-day simulation to be used as a hot start for Rita’s simulation.
Similarly, the riverine flow conditions are ramped over the first 5 days of the simulation (i.e.,
September 4 – 9). The only two river systems considered are the Mississippi River and the
Atchafalaya River, which had a river flow of 5,125 and 2,240 m3 s-1, respectively, during Hurricane
Rita (Bunya et al., 2010). So that the rivers can reach equilibrium, an additional 9 days (i.e.,
September 9 – 18) is simulated.
Garret’s formula (Garratt, 1977) is used to compute the wind stress from the wind velocity (i.e.,
10 min average winds at 10 m) and the atmospheric pressure structured grids from the Hurricane
Rita meteorological forcing (Bhaskaran et al., 2013; Yuk et al., 2018). The meteorological
simulation is hot-started to begin on September 18, 2005, 0:00 UTC and lasts for seven days. Other
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specifications for this simulations include a one second time step, wetting and drying activated
with a 10 cm threshold, the baroclinic and advection terms not activated, and a spatially-constant
horizontal eddy viscosity equal to 50 m2 s-1.

6.3.5. Simulation Set
The total simulation time for the 1-D hydrodynamic model is 10 days, in which the first 3 days
serve as a tidal spinup since the simulation begins from a cold start. Then, the antecedent rainfall
event occurs for the following three days (i.e., days 4 through 6), in which a uniform rainfall rate
falls only at the upper segment of the idealized transect. Three different rainfall rates were
evaluated: 10-, 50-, and 100-yr return periods. The quantile estimates used to represent the daily
rainfall total are estimated using the SRCC regression method. These daily rainfall totals are
accumulated at each rain day within the event.
Six hours after the antecedent rainfall event ends (i.e., day 7), the peak storm surge occurs at
the open ocean boundary. This peak storm surge time coincides with the high tidal level,
representing the worst-case scenario regarding coastal flooding. The peak storm surge values are
obtained from the quantile estimates (e.g., 2-, 5-, and 10-yr) using the Gumbel probabilistic
distribution. Quantile estimates greater than 10 years are not considered since the length of the
observed data used to compute the quantile estimates was 10 years. The remainder of the
simulation (i.e., day 7 through 10) permits the flooding mechanisms (e.g., rainfall-runoff, storm
surge, and astronomical tides) interact between them.
Two different tidal amplitudes were evaluated as the astronomical tides flooding mechanism.
These amplitudes are the spring tide and average amplitude with a value of 0.39 and 0.24 m,
respectively. In addition, to integrate the 2-D flood response from Hurricane Rita into the 1-D
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modeling framework, the simulated water level time series at the 1-D open ocean boundary is
recorded from the 2-D hydrodynamic model and used as the boundary conditions in the 1-D
hydrodynamic model. Thus, a total of 21 different sets of combinations of environmental forcings
are considered (Table 6.3).

Table 6.3. Summary of the environmental forcings used for the different scenarios simulated using
the 1-D hydrodynamic model.
Daily Rainfall
Storm Surge
Simulation
Total Depth
Return
Peak Level
Return
Tidal Amplitude
ID
(mm)
Period (yr)
(m)
Period (yr)
(m)
1
184
10
1.44
2
0.24
2
252
50
1.44
2
0.24
3
282
100
1.44
2
0.24
4
184
10
1.65
5
0.24
5
252
50
1.65
5
0.24
6
282
100
1.65
5
0.24
7
184
10
1.79
10
0.24
8
252
50
1.79
10
0.24
9
282
100
1.79
10
0.24
10
184
10
1.44
2
0.39
11
252
50
1.44
2
0.39
12
282
100
1.44
2
0.39
13
184
10
1.65
5
0.39
14
252
50
1.65
5
0.39
15
282
100
1.65
5
0.39
16
184
10
1.79
10
0.39
17
252
50
1.79
10
0.39
18
282
100
1.79
10
0.39
19
184
10
Hurricane Rita conditions from the 2-D
20
252
50
hydrodynamic model
21
282
100

Three different flooding scenarios have to be simulated to delineate compound flood hazard
zones. The first flooding scenario only considers storm surge and astronomical tides flooding
mechanisms. The second flooding scenario considers rainfall-runoff and astronomical tides
flooding mechanisms, while the third scenario considers all flooding mechanisms (i.e., rainfall-

196

runoff, storm surge, and astronomic tides) within a single simulation. Therefore, a total of 61
simulations are performed for this study.
The maximum water level profiles for each flooding scenario are used to delineate the
compound flood hazard zones divided into hydrologic, coastal, and transition zones. These
compound flood hazard zones are classified based on the flooding mechanisms that influence the
compound inundation. For example, the coastal flood hazard zone is where the coastal processes
dominate the flood levels. Conversely, the hydrologic flood hazard zone is the region where the
hydrologic processes dominate the flood levels. However, the transition flood hazard zone is where
both the coastal and hydrologic processes influence the flood levels, highlighting the importance
of including both flooding mechanisms in any compound flood simulation. Additional details for
delineating the compound flood hazard zones can be found in Chapter 3, specifically in Section
3.3.6.

6.4. Results
6.4.1. Hurricane Rita Flooding
Hurricane Rita flooding impacted the Lower Atchafalaya Watershed as soon as September 23
at 18:00 UTC, when westerly winds raised the water levels between 1 to 2 m along the coastal
region fronting the watershed (Figure 6.7A). At the same time, the water levels in the Lower
Atchafalaya Watershed decreased to -1 m due to offshore wind direction. During the following
four hours (i.e., September 24 at 2:00 UTC), the winds shifted towards a northwesterly direction,
causing the water levels at the coastal region ahead of the basin to increase between 2 to 3 m
(Figure 6.7B). Simultaneously, the seawater penetrated inland through the downstream portions
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of the Lower Atchafalaya Watershed, raising the water levels up to 1 m in the coastal floodplain
and up to 2 m in the Crewboat Channel and Atchafalaya River.
The most significant impacts from Hurricane Rita occurred at the Texas and Louisiana border.
A maximum simulated storm surge of more than 5 m occurred at this region on September 24 at
7:00 UTC, mainly due to strong winds blowing almost perpendicular to the shoreline (Figure
6.7C). At the same time, the simulated water levels in the Lower Atchafalaya Watershed increased
to almost 2 m at the coastal floodplain and up to 3 m in the Crewboat Channel. Also, the water
levels at the Crewboat Channel and Atchafalaya River upstream in the Lower Atchafalaya
Watershed (e.g., upstream Morgan City) increased by 2 m, representing that the storm surge
flooding can affect up to 60 km inland through the river systems.
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A

B

C

Figure 6.7. Simulated water surface elevation for Hurricane Rita conditions at three different times
using the 2D hydrodynamic model: A) September 23 at 18:58 UTC, B) September 24 at 02:24
UTC, and C) September 24 at 07:55 UTC. The arrows represent the wind direction and magnitude,
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while the solid black line represents Rita’s best track. The red box represents the Lower
Atchafalaya Watershed.
The water level time series at the 1-D open ocean boundary is obtained from the 2-D
hydrodynamic simulation of Hurricane Rita (Figure 6.8). During the first 90 hr of the simulation
(i.e., September 18 through 21), the simulated water levels are mainly governed by astronomical
tides at the open boundary. Then the meteorological influence (i.e., storm surge) of Hurricane Rita
is observed in the simulated water levels around hour 100 of the simulation (i.e., September 22 at
4:00 UTC), as Hurricane Rita meteorological forcing raised the water levels by almost 0.18 m
compared to the astronomical tide (i.e., the green line in Figure 6.8). Furthermore, the high water
level at the next tidal period (i.e., 130 hr into the simulation) is raised by almost double the
astronomical tide.
The maximum water level at the open boundary is 1.73 m and occurred at 144 hr into the
simulation (i.e., September 24 at 0:00 UTC), which is highly influenced by the meteorological
forcing. The synthetic water level time series has a maximum occur 64 hr before the maximum
storm surge from Hurricane Rita. This synthetic maximum water level (i.e., combination of spring
tide and 10-yr storm surge) is greater than the simulated for Hurricane Rita mainly because the
peak synthetic storm surge coincides with the high tide levels, which are based on a simplified
sinusoidal function using the spring tide as the constant amplitude. Furthermore, the peak storm
surge produced by Hurricane Rita does not coincide with the high tides, thus the storm surge effects
are not exacerbated by coinciding with the high tides levels as is the case with the synthetic
boundary condition.
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Figure 6.8. Water surface elevation time series used as a boundary condition at the open ocean
boundary of the 1-D hydrodynamic model. The blue line represents the synthetic storm surge
hydrograph created using the 10-yr peak storm surge and the spring tide conditions. The red line
represents the combined effects due to the meteorological conditions of Hurricane Rita and the
astronomical tide (i.e., storm tide) using the 2-D hydrodynamic model. The green line represents
the water levels due to astronomical tides using the 2-D hydrodynamic model. The black line
represents the difference between the simulated water levels of the red and green lines.
6.4.2. Compound Flood Hazard Zones
Three compound flood hazard zones are delineated for each simulation performed. For a tidal
amplitude representing the average conditions, the hydrologic interface (i.e., where the transition
flood hazard zone ends and the hydrologic flood hazard starts) varies little with its location (e.g.,
within 1.4 km), extending from 99.2 to 100.6 km into the domain (Figure 6.9A). This behavior
suggests that the hydrologic flood hazard zone’s length does not vary considerably (i.e., 1.4 km at
most) when increasing the antecedent rainfall event magnitude. However, the coastal interface
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(i.e., where the coastal flood hazard ends and the transition flood hazard zone starts) moves
seaward as the rainfall intensity increases, regardless of the storm surge event. This behavior
suggests that the transition flood hazard zone increases its length with increasing rainfall
magnitude but not under different storm surge events.
A similar pattern is found with the compound flood hazard zones under spring tide conditions
(Figure 6.9B). However, the hydrologic interface moves further inland (i.e., up to 0.8 km) than the
average tidal conditions. Also, the coastal interface moves almost the same distance further inland
as the hydrologic interface compared to the average tidal conditions. This behavior demonstrates
the importance of including the astronomic tide flooding mechanisms in any compound inundation
estimate since it can push the coastal processes effects further inland. Also, both the hydrologic
and coastal interfaces move further inland with increased storm surge event under the spring tide
conditions, meaning that under high tidal levels, the storm surge may have a greater impact on the
compound flood levels.
The compound flood hazard zones under Hurricane Rita conditions do not vary significantly
(e.g., within 600 m) with increasing rainfall intensity (Figure 6.9C). The coastal flood hazard
extends throughout the lower segment, while the transition flood hazard zone covers the entire
middle segment and the first quarter of the upper segment. The hydrologic interface is located
further downstream under Rita coastal flooding than under the synthetic coastal event. This
behavior can be attributed to the fact that the simulated water levels under Hurricane Rita had a
lower water level at the 1-D open ocean boundary location than the synthetic coastal event (See
Figure 6.8). Thus, Hurricane Rita can be classified as a storm surge event within the 10- to 100-yr
return period at the location of the open ocean boundary, according to the FEMA flood insurance
study (FEMA and USACE, 2008).
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In general, the transition flood hazard zone extends completely through the middle segment, up
to the first half of the upper segment, and even the last three kilometers of the lower segment. This
behavior suggests that the hydrologic process may influence the compound water levels as far
downstream as the last three kilometers of the lower segment (i.e., 77 km into the domain).
Likewise, the coastal processes can influence the compound water levels as far upstream as the
first six kilometers of the upper segment (i.e., 100 km into the domain). Therefore, it is vital that
inundation studies encountering compound flood as a potential flood event consider all flooding
mechanisms (e.g., astronomical tides, storm surge, and rainfall-runoff) to delineate flood hazard
zones accurately.
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Figure 6.9. Compound flood hazard zones for the different scenarios: (A) average tidal amplitude,
(B) spring tidal amplitude, and (C) Hurricane Rita as the open ocean boundary condition. The blue
color represents the costal flood hazard zone, while the yellow represents the transition flood
hazard zone and the green the hydrologic flood hazard zone. A description of the input parameters
that characterize each simulation is summarized in Table 3.

204

6.5. Conclusion
Compound flooding depends on the watershed characteristics, meteorological event(s), and the
coastal basin description. Thus, there is a unique hydrodynamic response for each compound flood
event at a coastal-land margin. This chapter focused on integrating results from a 2-D
hydrodynamic model into a 1-D fully-coupled modeling framework to assess compound flooding
at the Lower Atchafalaya Watershed. First, the environmental forces (e.g., astronomic tides, storm
surge, and rainfall) that are known to impact the study area were estimated based on observed data.
A return period analysis was performed to determine the quantile estimates of the peak storm surge
and daily rainfall depths, while the tidal amplitude was obtained using a tidal resynthesis analysis.
Next, the hydrodynamic response from Hurricane Rita was assessed with a 2-D numerical model
to capture the complete meteorological impacts on the total water levels. These simulated water
levels were then used as an open boundary condition in the 1-D compound inundation model. The
complete set of environmental forces produced 21 compound flood hazard zone sets divided into
coastal, hydrologic, and transition flood hazard zones.
Hurricane Rita inundated the Lower Atchafalaya Watershed with up to 3 m of seawater due to
coastal processes (e.g., storm surge and astronomical tides). However, the storm surge effects on
the total water levels were under 1.5 m at the 1-D open ocean boundary. The results follow the
principle of conservation of momentum, with water levels rising to conserve the same momentum
as the water flows into shallower depths. Astronomical tides should be considered in compound
flood assessment since higher tidal levels (i.e., spring tide conditions) can penetrate further inland
the compound flood hazard zones, having particular impact on the location of the transition zone.
Conversely, an increase in the antecedent rainfall event magnitude moves seaward the compound
flood hazard zones, pushing the transition flood hazard zone into the lower segment. The transition
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flood hazard zones under Hurricane Rita conditions are smaller than those for the synthetic storm
surge event, representing that Rita was not an extreme event (e.g., greater than the 50-yr return
period) regarding its coastal inundation effects.
The findings suggest that compound flood assessments should employ tightly- or fully-coupled
techniques in 2-D numerical models in the future. The complete interaction between these flooding
mechanisms (e.g., storm surge, astronomical tides, and rainfall-runoff) in a low-gradient coastal
land-margin can be assessed using these coupling techniques, especially when using a 2-D
hydrodynamic model. Therefore, the Watershed Hydraulics Module (WHM), used in the 1-D
fully-coupled model, should be extended into currently developed 2-D hydrodynamics models,
such as ADCRIC. This WHM can be used to estimate and route the rainfall-runoff through the
overland regions that are distant from any coastal influence (i.e., upper portions of a watershed).
Such advancement would save computational time in a 2-D simulation and reduce the propensity
for numerical instabilities due to small water depths (e.g., less than 10-6 m) when using the shallow
water equations, which are the governing equations of most 2-D hydrodynamic models.
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Chapter 7. Conclusion
The hypothesis of this dissertation is: “The relationship among the flooding mechanisms of
storm surge, tides, and rainfall-runoff is non-linear.” The hypothesis was addressed by examining
compound flood events using different numerical techniques. Maximum water level profiles and
time to peak water levels were quantified and analyzed to describe the physical interaction between
the flooding mechanisms of storm surge, rainfall-runoff, and astronomical tides. Compound flood
hazard zones were delineated based on the flooding mechanisms that drive the total inundation.
These zones aided in quantifying the compound flood effects through time, from historical eras to
future projections, as a function of coastal development, river diversion and sea level rise.
This work began with an exhaustive literature review of compound flood studies worldwide to
understand the current practices and techniques used to quantify this natural hazard. Previously,
researchers and scientists had developed and used independent inundation models to quantify the
flood hazard due to a meteorological event. These inundation models can be grouped by the
mechanisms that drive the flood into three categories: hydrologic, hydraulic, and ocean circulation
models. Recently, compound flood models have been developed and employed to improve the
accuracy of total water levels during a compound inundation event. These compound flood models
adjoin one or more inundation models, observations and / or statistics using one of the following
approaches: one-way coupling, two-way coupling, tightly-coupling, and fully-coupling.
One-way and two-way coupling techniques require less effort to develop and implement since
the coupling technique is based on the exchange of input and output files. These techniques are
limited to a single location (e.g., river outlet or shoreline) for the exchange of information, resulting
in less accurate results due to the lack of several natural interactions (e.g., storm surge with rainfallrunoff at the coastal floodplain and rainfall over the ocean). On the other hand, the tightly- and
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fully-coupled techniques are more accurate than the one-way and two-way coupling techniques
since the source codes are hosted within a single numerical framework. Such tightly- and fullycoupled approaches avoid the exchange of input and output files between separate numerical
models and extend the region where the flooding mechanisms physically interact. This literature
review found no numerical model that considers all possible interactions between storm surge and
rainfall-runoff in a single framework developed, published, or employed in practice. Therefore,
future endeavors should move beyond the current one-way and loosely-coupled techniques to
tightly- and fully-coupled approaches for compound flood assessment.
A one-dimensional (1-D) fully-coupled inundation model was developed to help bridge the
knowledge gap in the literature. This inundation model comprises three separate hydraulic modules
based on the same governing equations (e.g., shallow water equations) and exchanges information
through computer memory. An idealized coastal watershed transect was developed from observed
data and used as the modeling domain for the 1-D fully-coupled model. A Monte Carlo Simulation
approach was employed to determine numerous combinations of environmental forces (e.g., storm
surge and rainfall), providing the foundations for a compound flood frequency analysis. Therefore,
thousands of combinations were able to be simulated at low computational cost, providing total
water levels and compound flood hazard zones.
Coastal land-margins can be found worldwide, but those with a low gradient are more
vulnerable to flood hazard effects than those with a steeper gradient. Therefore, there is a need to
classify coastal land-margins based on their gradient to identify vulnerable regions and focus on
coastal resiliency measures efficiently. The 1-D compound flood model was used to quantify the
hydrodynamic response of different degrees of freedom that define the coastal land-margin. For
this study, four parameters were used to define a coastal land-margin based on gradient. Two of
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them are related to environmental forces (e.g., astronomical tides and storm surge), while the other
two are related to the topography / bathymetry description of the coastal land-margin. The
classification criteria were based on two physics-based parameters: flooding extent and inundation
depth. Results indicate that coastal land-margins with slopes less than 0.01 m km-1 can be classified
as low-gradient under most of the flooding scenarios. Therefore, worldwide coastal land-margins
with similar characteristics can be identified as low-gradient, and future efforts can focus on these
regions to assess in more detail compound flood hazards.
To enhance further the understanding of the physical interaction between flooding mechanisms,
a two-dimensional (2-D) compound inundation model was employed over two distinct coastal
watersheds in Louisiana. This 2-D fully-coupled inundation model is based on the ADCIRC
hydrodynamic model that includes a rain-on-mesh module capable of accounting and routing the
rainfall-runoff that falls over dry land, as well as the rainfall associated with a tropical cyclone
system. The temporal evolution of the compound flood hazard zones (e.g., coastal, hydrologic, and
transition) was assessed for different historical eras and future projections of the Louisiana coastal
landscape previously developed. These coastal landscapes accounted for subsidence and eustatic
sea-level rise, thus improving the estimate of the coastal land loss due to the drowning of the
wetland system. The coverage area, including its rate of change, of each compound flood hazard
zone and the coastal flood hazard zone encroachment were used to evaluate the flooding effects
under numerous compound inundation events defined for the study area based on observed data
synthetic storms. Results demonstrate that the coastal flood hazard zone will suffer the most
significant changes, regarding coverage area and inland penetration, in the near future due to a
combination of increasing eustatic sea-level rise, high-frequency flood events, and alterations to
the coastal land-margin.
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In summary, the astronomical tides should be considered as a flooding mechanism within a
compound flood assessment. Astronomical tides are a persistent flood hazard that can aggravate
the coastal flooding effects when coinciding with the peak storm surge. The result of tide-surge
coincidence is a further inland penetration the transition flood hazard zone, as was demonstrated
herein for the Lower Atchafalaya Watershed. Similarly, a compound flood assessment should also
consider the velocity component of each flooding mechanism, which is possible when utilizing a
tightly- or fully-coupled approach. The momentum balance, of which the velocity is central, of
both flooding mechanisms (i.e., storm surge and rainfall-runoff) affects the inland penetration of
the coastal processes, as well as the drainage rate of rainfall-runoff at a coastal watershed. Overall,
the compound inundation effects depend on both the magnitude and timing of each flooding
mechanism involved, especially at the transition flood hazard zone. Thus, a non-linear response
between storm surge, rainfall-runoff, and astronomical tides in a compound flood event, regardless
of their maximum water levels, occurs approximately simultaneously.
In conclusion, the work presented herein enhances the understanding of the physical interaction
between various flooding mechanisms in a compound inundation event. With an improved
understanding of this interaction comes the capability for enhancing compound flood assessments,
providing a more accurate estimate of the flood hazard magnitude and extent. Therefore, efficient
coastal resiliency measures can be developed and employed in vulnerable regions to aid policymakers, engineers, and authorities. The research presented in this dissertation is foundational
towards extending the technology of tightly- or fully-coupled surface-water modeling worldwide
for hazard assessment of low-gradient coastal land-margins across the globe.
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Appendix A. Permission Letter for Chapter 2

Figure A.1. E-mail request for permission to include Chapter 2 in the dissertation document.
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Figure A.2. E-mail confirmation granting permission to include Chapter 2 in the dissertation
document.
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Appendix B. Supplemental Material for Chapter 3

A

B

C

Figure B.1. Mean maximum water level at the middle segment of the idealized coastal watershed
transect for the complete set of simulations under different flooding scenarios: (A) storm surge
only, (B) rainfall-runoff only, (C) combined flood scenario.
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Figure B.2. Water level hydrographs for the storm surge only flooding scenario of the simulation
525. The blue line 1.represents the computation node at 59.8 km into the domain, while the green
line represents 70km into the domain.
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Figure B.3. Water level hydrographs for different flooding scenarios at different locations. The
solid blue, green, and red lines represent the storm surge only, rainfall-runoff only, and combined
flood scenarios, respectively. The solid yellow line represents the linear superposition of the
water levels computed by the rainfall-runoff only and storm surge only scenarios.
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Appendix C. Supplemental Material for Chapter 5

Figure C.1. Compound flood hazard zone delineation for the Barataria watershed using medium
flood events for (A) 1890, (B) 1930, (C) 1970, (D) 2010, (E) 2050, and (F) 2090. Service Layer
Credits: Esri, Garmin, GEBCO, NOAA NGDC, OpenStreetMap, and the GIS User Community.
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Figure C.2. Compound flood hazard zone delineation for the Barataria watershed using high flood
events for (A) 1890, (B) 1930, (C) 1970, (D) 2010, (E) 2050, and (F) 2090. Service Layer Credits:
Esri, Garmin, GEBCO, NOAA NGDC, OpenStreetMap, and the GIS User Community.
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Figure C.3. Compound flood hazard zone delineation for the Lake Maurepas watershed using
medium flood events for (A) 1890, (B) 1930, (C) 1970, (D) 2010, (E) 2050, and (F) 2090. Service
Layer Credits: Esri, Garmin, GEBCO, NOAA NGDC, OpenStreetMap, and the GIS User
Community.
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Figure C.4. Compound flood hazard zone delineation for the Lake Maurepas watershed using high
flood events for (A) 1890, (B) 1930, (C) 1970, (D) 2010, (E) 2050, and (F) 2090. Service Layer
Credits: Esri, Garmin, GEBCO, NOAA NGDC, OpenStreetMap, and the GIS User Community.
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